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Abstract 
The prediction of springback is of great importance to broaden the application of ultra high 
strength steel sheets, which always exhibit large of amount of geometric deviation after 
removal from the tools due to the high elastic strain and the small thickness. In the current 
work the Lemaitre-Chaboche type isotropic-kinematic model is applied to describe the strain 
hardening during forming and springback, which takes into consideration both the size 
extension and the centre movement of the yield locus. The parameters of the kinematic 
component are calibrated by tensile test as well as hydraulic bulge test, which is essential in 
the way that a much higher strain level is achievable than in tensile test. The isotropic 
component is characterised by cyclic uniaxial tension-compression test. Two simple 
representative tests including top hat drawing and bending under tension tests are performed 
and simulated with ABAQUS code. Sensitivity study is carried out to investigate the 
influence of different tooling and processing parameters on the springback amount. The 
simulation results of the two tests with Lemaitre-Chaboche model correlate well with the 
experiments. The application of the methodology to industrial parts proves that it is capable to 
guide the more complicated industrial forming processes. 
  
Zusammenfassung 
Die Vorhersage der Rückfederung ist von großer Bedeutung, um den Anwendungsbereich 
von extrem hochfesten Stahlblechen zu erweitern, da diese immer große geometrische 
Abweichungen nach der Entnahme aus den Werkzeugen aufgrund der sehr elastische 
Dehnung und der geringen Dicke zeigen. Im aktuellen Arbeitsbereich wird das Lemaitre-
Chaboche Typ isotrop-kinematisch Modell angewendet, um die Verfestigung während der 
Umformung und Rückfederung zu beschreiben. Dieser berücksichtigt, sowohl die Größe als 
auch die Mittenbewegung des Fließortes. Die Parameter der kinematischen Komponente 
werden durch den Zugversuch sowie den hydraulische Tiefungsversuch, welcher wesentlich 
ist, da eine höhere Dehnung als im Zugversuch erreicht werden kann, bestimmt. Die isotrope 
Komponente wird durch den zyklischen einachsigen Zug-Druck-Test kalibriert. Zwei 
einfache repräsentative Tests, einschließlich Hut ziehen und Biegen unter Zug-Tests werden 
durchgeführt und mit ABAQUS simuliert. Eine Sensitivitätsstudie wird durchgeführt, um den 
Einfluss unterschiedlicher Werkzeuge und Verfahrensparameter auf die Ausprägung der 
Rückfederung zu untersuchen. Die Ergebnisse der Simulation beider Tests mit dem Lemaitre-
Chaboche Modell korrelieren gut mit den Experimenten. Die Anwendung der Methodik an 
den industriellen Teilen beweist, dass sie auch an komplizierteren, industriellen 
Umformprozessen herangezogen werden kann. 
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List of symbols and abbreviations 
Symbols 
Symbol Unit Definition 
ϕv - equivalent strain 
∆α ° springback angle around die corner 
∆β ° springback angle around punch corner 
∆θ ° springback angle of draw bend test 
α MPa back stress 
A m2 cross section area of bulge test punch 
A80 % total elongation 
Au % uniform elongation 
C MPa constant of linear kinematic model 
c m/s sound velocity 
Ck, γk - constants of isotropic component of Lemaitre-Chaboche model 
d0 m diameter of the compression test sample 
E GPa elastic modulus or Young’s modulus 
F N punch force of bulge test 
F1 N drawing force of bending under tension test 
F2 N brake force of bending under tension test 
Fb N restraining force of draw bend test 
FBUB N bending-unbending force 
h0 m height of the compression test sample 
hx m height of the dome of bulge test sample in x-direction 
lx m length of the curvature of bulge test sample in x-direction 
n - strain hardening coefficient 
p Pa oil pressure of bulge test 
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Q∞, b - constants of kinematic component of Lemaitre-Chaboche model 
R m radius of roller of draw bend test 
r0, r45, r90 - anisotropic values 
Rd m die radius 
Rm MPa tensile strength determined by tensile test 
Rp m punch radius 
Rp0.2 MPa yield strength determined by tensile test 
t m thickness of sheet 
T °C temperature 
w m width of the strip of top hat drawing test 
α - ferrite 
γ - austenite 
γ - constant of non-linear kinematic model 
ε
p
 - plastic strain 
θ ° bending angle of bending under tension test 
µ - friction coefficient 
ρ kg/m3 density 
ρx, ρy m curvature radius of the dome of bulge test sample in x- and y-direction 
σ|0 MPa size of yield locus at zero plastic strain 
σ0 MPa uniaxial yield strength 
σ1, σ2 MPa principle stress 
σv MPa Equivalent stress 
σx, σy, σz MPa normal stress 
τxy MPa shear stress 
 
  
List of symbols and abbreviations 
3 
 
Abbreviations 
2D two dimension 
3D three dimension 
BUT bending under tension 
CAD computer aided design 
CP complex phase 
DA displacement adjustment 
DP dual phase 
FEA finite element analysis 
FEM finite element method 
FLC forming limit curve 
HSLA high strength low alloy 
HSS high strength steel 
MS martensitic steel 
RD rolling direction 
SCO surface control over bending 
SDA smooth displacement adjustment 
SF spring forward 
TD transverse direction 
TRIP transformation induced plasticity 
UHSS ultra high strength steel 
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1 Introduction 
In recent years, more and more attention has been paid to the weight reduction of cars in order 
to improve the fuel efficiency and minimise the environmental impact due to government 
regulations and consumer demands. The panels and structures of a vehicle constitute around 
40% of its mass; as a result, there are further weight reduction opportunities by adopting 
materials with high strength to weight ratio [Kim08]. The trend in automotive industry 
towards low-mass, good performance has broadened the interest in ultra high strength steel 
(UHSS) [Che07 and Mer06]. 
UHSS have been proven to be a proper choice of material for various body and structural 
automotive parts meeting the required low-mass, affordable cost and increased performance 
requirements [Che07]. However, due to their high strength to modulus ratio, UHSS have a 
large tendency to springback and thus their wide application is still limited [Gan06]. 
Nowadays the major emphasis of sheet metal forming has shifted from the elimination of 
necking and tears of the final products to accuracy and consistency of the formed products 
[Wor09]. Springback, which is the elastically change of the product shape is the main concern 
of forming the desired geometry. Decades ago, the geometrical error of springback was 
overcome by trial and error method, which involved long die try-out time and large amount of 
waste of the tooling materials. Today the well-developed FEM software makes it possible to 
predict and compensate springback with computer aid, although characterisation of the 
materials hardening stays as a challenge for UHSS due to their high strength and low 
formability. 
The aim of the work is therefore to systematically investigate springback prediction and 
compensation, which contains the following aspects: 
• selection of a proper strain hardening model to describe the forming and springback 
processes; 
• application of additional monotonous strain hardening test method to higher strain 
levels than tensile test; 
• development of cyclic test that characterises the typical Bauschinger effect with 
complicated strain paths; 
• design of simple verification tests with considerable springback amount to study the 
springback in laboratory scale; 
1.Introduction 
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• sensitivity investigation of different tooling and processing parameters based on the 
experimental results of the verification tests; 
• comparison of the numerically simulated results of the verification tests with the 
experiments to verify the predictability of the applied hardening model; 
• validation of the proposed testing and modelling routine in industrial cases. 
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2 State of the art 
2.1 Springback of UHSS 
2.1.1 Ultra high strength steel 
Automotive steels can be classified in three different ways [Wor09]. The first is the 
metallurgical designation. The common designations include low strength steel (interstitial 
free steel and low carbon steel), high strength steel (carbon-manganese steel, bake hardenable 
steel, and high strength low alloy steel) and advanced high strength steel (dual phase steel, 
complex phase steel, transformation induced plasticity and martensitic steel). 
The second way for the classification is based on the strength of the steel [Wor09, AIS98 and 
Tam11]. Normally HSS (High Strength Steel) is defined with the yield strength from 210MPa to 
550MPa and tensile strength from 270Mpa to 700MPa, while UHSS (Ultra High Strength Steel) is 
defined with the yield strength greater than 550MPa and tensile strength over 700MPa. Certain 
steels, for example, DP steels could cover both categories. 
The third classification way is dependent on further mechanical properties other than only 
strength, where total elongation, strain hardening coefficient, hole expansion ratio are 
considered. As an example different types of steels are compared in the strength-elongation 
diagram (Figure 2.1). In the conventional industrial steels the increase of the strength is 
achieved with the compromise of decrease of formability. 
 
Figure 2.1: Total elongation-tensile strength diagram of different steels [Wor09]. 
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According to the microstructure of steel, there are mainly four kinds of UHSS as followed 
based on the different phase composites (Figure 2.1) [Wag06]: 
DP: Dual Phase (500-1000MPa tensile strength); 
CP: Complex Phase (800-1000MPa tensile strength); 
TRIP: Transformation Induced Plasticity (600-800MPa tensile strength); 
MS: Martensitic (900-1500MPa tensile strength). 
The UHSS are basically strengthened by phase transformation [Wor09]. The hardening 
mechanism is explained as followed: 
Plastic deformation occurs when a large number of dislocations move and interact. In other 
words, it is the movement of dislocations in the material that allows for deformation [Got05]. 
If the material’s mechanical properties (i.e. the yield and tensile strength) need to be enhanced, 
a mechanism should be simply introduced, which prohibits the mobility of these dislocations 
[Cal97, Gre98, Law93]. There are five main strengthening mechanisms that can be introduced 
to metals to oppose the movement of dislocations: work hardening, solid solution 
strengthening/alloying, precipitation hardening, grain refining and hardening by phase 
transformation [Abb08, Kuh89]. Among the five mechanisms solid solution hardening, grain 
refining and hardening by phase transformation are frequently employed for high strength 
steels [Bha92, Gre98]. 
The steels that are hardened by phase transformation use predominately higher levels of C and 
Mn along with heat treatment to increase strength [Chu02a]. The finished product will have a 
duplex microstructure of ferrite with varying levels of degenerate martensite. This allows for 
varying levels of strength. There are three basic types of transformation hardened steels, 
which are dual phase, transformation induced plasticity, and martensitic steels [Hos05]. 
The annealing process for dual phase steels consists of first holding the steel in the α+γ 
temperature region for a set period of time [Spe90, Dav78, Sar96]. During that time C and Mn 
diffuse into the austenite leaving a ferrite of greater purity. The steel is then quenched so that 
the austenite is transformed into martensite, and the ferrite remains on cooling. The steel is 
then subjected to a temper cycle to allow some level of martensite decomposition. By 
controlling the amount of martensite in the steel, as well as the degree of temper, the strength 
level can be controlled. Depending on processing and chemistry, the tensile strength level can 
range from 350 to 1000MPa [Dav78]. 
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TRIP steels also use C and Mn, along with heat treatment, in order to retain small amounts of 
austenite and bainite in a ferrite matrix [Che00]. Thermal processing for TRIP steels again 
involves annealing the steel in the α+γ region for a period of time sufficient to allow C and 
Mn to diffuse into austenite. The steel is then quenched to a point above the martensite start 
temperature and held there. This allows the formation of bainite, an austenite decomposition 
product. While at this temperature, more C is allowed to enrich the retained austenite. This, in 
turn, lowers the martensite start temperature to below room temperature. Upon final 
quenching a metastable austenite is retained in the predominately ferrite matrix along with 
small amounts of bainite [Han95]. This combination of microstructures has the benefits of 
higher strengths and resistance to necking during forming. This offers great improvements in 
formability over other high strength steels. Essentially, as the TRIP steel is being formed, it 
becomes much stronger. 
Martensitic steels are also high in C and Mn [Klu02]. These are fully quenched to martensite 
during processing. The martensite structure is then tempered back to the appropriate strength 
level, thus adding toughness to the steel. Tensile strengths for these steels range as high as 
1500MPa [Grä00]. 
Due to the high strength UHSS can absorb much more energy than the conventional steels 
with the same amount of deformation before uniform elongation [Per10]. This property is 
very important in the field of automotive parts, because an ultra high strength steel profile can 
resist a crash better than conventional steel profile. 
Although the ultra high strength steel sheet is very attractive in application, it also has its own 
disadvantage. The amount of springback of the ultra high strength steel sheets in the forming 
is very large due to high strength [Mor07]. Springback of sheet metal parts after forming 
causes deviation from the designed target shape and produces downstream quality problems 
and assembly difficulties. 
2.1.2 Specifics of UHSS springback 
Decades ago, the major concern in sheet metal forming was elimination of necks and tears. 
These forming problems were a function of plastic strain and generally were addressed by 
maintaining strain levels in the part below specific critical strains. These critical strains were 
dictated by various forming limits, which included forming limit diagrams, sheared edge 
stretch tests, and in-service structural requirements [Wor09]. Today the primary emphasis has 
shifted to accuracy and consistency of product dimensions. This dimensional problem is a 
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function of the elastic stresses created during the forming of the part and the relief of these 
stresses, which is called springback [Pou95]. 
Springback is a kind of condition that occurs when a flat-rolled metal or alloy is cold-worked 
[Spr98]. With release of the forming force, the material has a tendency to partially return to its 
original shape because of the elastic recovery of the material, which is showed as Figure 2.2, 
in which t = sheet thickness, α1 = bending angle after springback, α2 = desired bending angle, 
r1 = radius of the part after springback and r2 = radius of the die. Springback occurs with all 
types of forming by bending, when bending in presses, folding, roll forming and roll bending. 
It is inherent in virtually all metal forming processes, becoming more important when bending 
is significant. 
To predict springback in sheet steel forming, springback needs to be considered as a complex 
physical phenomenon, which is very sensitive to numerous factors, such as process 
parameters and sheet geometry [Kar92]. When part geometry prevents complete unloading 
(relaxing) of the elastic stresses, the elastic stresses remaining in the part are called residual 
stresses. If all elastic stresses cannot be relieved, creating a uniformly distributed residual 
stress pattern across the sheet and through the thickness will help eliminate the source of 
mechanical multiplier effects and thus lead to reduced springback problems. 
Springback is caused by elastic recovery of the part, which can be illustrated simply on the 
stress-strain curve as shown in Figure 2.3, which explains the influence of strength levels of 
different steels on the amount of springback schematically. 
 
Figure 2.2: Elastic recovery after bending [Spr98]. 
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Figure 2.3: Elastic recovery of mild steel and UHSS [Wor09]. 
For UHSS, the unloading process (by removing all external forces and moments) from the 
plastic deformation level A would follow line AB to B, where OB is the plastic deformation 
and BC is the elastic deformation. At the same time, for mild steel, the unloading process is 
following line A’B’ to B’, and OB’, B’C stands for the plastic deformation and the elastic 
deformation, respectively. With the same strain level for UHSS and mild steel in Figure 2.3, 
the plastic strain for UHSS (seen as OB) is smaller than that of mild steel (seen as OB’) 
through unloading, which illustrates that the elastic strain for UHSS (seen as BC) is larger 
than that of mild steel (seen as B’C). The elastic strain stands for springback. It is clear that 
the springback of UHSS is larger than that of mild steel. In other words, springback is a 
function of the as-formed flow stress [Joh81]. Since UHSS have higher as-formed flow 
stresses for equal part-forming strains, springback in UHSS parts will be higher than that 
experienced in mild steels. 
Due to the complexity, the physical description with microstructural parameters is seldom 
established. A few phenomenological models are proposed to predict the constitutive 
behaviour during forming and springback, which will be introduced in the next chapter. 
B’
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A
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2.2 Constitutive models of springback characterisation 
2.2.1 Bauschinger effect 
During forming most sheet metal elements undergo a complicated deformation process. 
Therefore, the total strain method will not predict springback accurately because of the 
Bauschinger effect [Mah07]. In addition, a more accurate simulation of springback has to take 
the Bauschinger effect into account. 
The Bauschinger effect is named after the German engineer Johann Bauschinger. It is the 
directionality of straining, i.e., if strain hardening in a material takes place due to application 
of stress in a particular direction it will be easier to deform in the opposite direction. It can be 
also seen that if a material has a yield point stress Y in tension and is continued to deform 
from tension to compression in the same cycle, it will show a yield point in the compression 
at Y’, where Y’ is less than Y. This phenomenon is called Bauschinger effect. 
To illustrate this effect, it is considered that in Figure 2.4 OAC is the stress-strain curve of a 
material in tension. The initial yield stress of material in tension occurs at A. If the same 
material was tested in compression the yield would occur at B. Let another specimen of the 
same material be loaded in tension up to the point C, which is beyond the yield point A. Now, 
the specimen is unloaded and it follows the path CD. A compressive stress is applied from the 
point D on the specimen. The plastic flow starts at the point E. The stress corresponding to the 
point E is appreciably below that corresponding to point B. This decrease in yield stress is the 
Bauschinger effect. This effect is reversible in the sense that if compressive stress was applied 
first followed by tension then the material could have shown lower yield strength in tension. 
Many studies [Bat86, Dan71 and Fre07] have been carried out to explain the Bauschinger 
effect since the discovery of this effect. Back stress and Orowan theory are two main 
Bauschinger effect theories [Abe72]. 
Moving dislocations interact with different obstacles, such as other dislocations, grain 
boundaries and precipitates, to prevent their further propagation during forward deformation, 
which causes a back stress around the contact point resisting further progress of dislocations. 
When the reverse deformation happens, this back stress repels the dislocations from the 
obstacles in the opposite direction, namely in the direction of reverse strain. Thus the stress 
field helps to move the dislocation in the direction of reverse strain and the reverse yield 
stress drops by the level of the back stress. 
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Figure 2.4: Bauschinger effect and hysteresis loop. 
According to the back stress theory, the increase of dislocation density results in increasing 
the number of dislocation-dislocation interaction sites and consequently the level of back 
stress (Figure 2.5a) [Abe87]. Therefore, the Bauschinger effect should be larger in a material 
with a higher dislocation density. However, an increase in initial dislocation density (pre-
strain) decreases the number of mobile dislocations, which occurs due to immobilisation of 
moving dislocations by pile-ups and possible formation of cell structures, where mobile 
dislocations in the cell interior are many times lower in density than the total number 
accumulated in the cell walls. Thus with an increase in dislocation density it is possible to 
expect a maximum in the Bauschinger effect and then a decrease after some level of pre-strain. 
 
Figure 2.5: Schematic diagram of the (a) dislocation-dislocation and (b) dislocation-particle 
interaction [Kos09]. 
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The second theory to explain the Bauschinger effect was proposed by Orowan [Oro39 and 
Gou74]. In an alloyed material, precipitated particles also act as interaction sites increasing 
the level of back stress (Figure 2.5b). Thus, increasing the particle volume fraction and their 
number density will increase the number of interactions between dislocations and particles 
and hence the back stress. However, not all the particles equally contribute to dislocation 
pinning. When particles are coherent with the matrix the cutting mechanism operates. In this 
case the dislocation retardation force will depend on particle chemistry, as particle 
composition influences its mechanical strength. When particles are incoherent the bowing 
mechanism operates. In this case the dislocation retardation will depend on interparticle 
spacing. With a decrease in interparticle spacing, the dislocation curvature energy needed for 
a dislocation to pass increases. Predominance of one or another mechanism depends on the 
average particle size. An increase in particle size can result in losing the coherency of 
particles with the matrix lattice. Thus particle number density is not enough to assess the 
influence of precipitates on the Bauschinger effect. Particle chemistry, size and distribution 
should also be taken into account. 
Han found that Bauschinger effect increases with pre-strain (Figure 2.6) [Han05]. The 
Bauschinger effect is quantitated by BE, which equals to 1 − 	
	

	
	  with σcompression as 
the yield strength in compression (E in Figure 2.4) and σreverse point as the stress, around which 
the cyclic stress-strain curve is reversed (C in Figure 2.4). Since increasing pre-strain 
increases the strength of the material due to strain hardening, Bauschinger effect increases 
with the strength of the material. Figure 2.6 also shows that Bauschinger effect is larger for 
the microstructures associated with the higher strength steels. These observations suggest that 
a relationship between Bauschinger effect and the strength of the material, regardless of 
whether the strength increase is due to microstructure or strain hardening, exists. The strength 
of the material at the reversal point is a measure of the combined microstructural and strain 
hardening effects. 
Troiano investigated the effect of martensite content, its dispersion, and epitaxial ferrite 
content on Bauschinger behaviour of dual phase steel and found that mean back stresses 
increased with increasing strain and martensite content, and were higher for the finer 
martensite dispersion. They decreased significantly with increasing epitaxial ferrite content in 
the case of the finer dispersion, but less significantly in the coarser dispersion [Tro03]. 
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Due to the high strength of UHSS, the pronounced Bauschinger effect must be taken into 
consideration when the strain path of UHSS is described. 
 
  1 − 	  
Figure 2.6: Bauschinger effect of three steels at various strain rates [Han05]. 
2.2.2 Constitutive model of springback 
In recent years, finite element analyses are used to understand the sheet forming processes. 
Many studies have attempted to find an accurate model to predict springback. However, due 
to the imprecision of the used numerical algorithms and lack of experience in using the FE 
code, the accuracy and reliability of FE method did not satisfy the industrial requirements 
[Mei08]. As a result, numerous researches in these fields are aimed to improve the usability of 
numerical simulations in springback prediction. 
Material modelling can be divided into two parts: a part that describes the stress state of initial 
yielding of the material (yield function) and a part that describes how the yield function 
develops after plastic deformation (hardening function) [Bur08]. 
Yield function 
The yield criterion of von Mises is one of the earliest yield hypothesises which reads in plane 
stress condition [Mis13]: 
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 !  "! − "! + !!.                                       Equation 2.1 
The Mises criterion is based on the assumption that the material passes from an elastic state to 
a plastic state when the elastic energy of distortion reaches a critical value that is independent 
of the type of stress state. It is an isotropic yield criterion, which could be calculated with only 
the uniaxial yield stress σ0. 
Hill proposed an anisotropic yield criterion as a generalisation of Mises criterion [Hil48]. In 
the plane stress condition it is written as: 
σ !  σ&! − !'(")'( σ&σ* + '(+")',(-',(+")'(-σ*! + '()',(',(+")'(- +2r01 + 1-τ&*! .    Equation 2.2 
It is calculated with uniaxial yield stress σ0 and Lankford values r0, r90 and r45. 
If the principle directions are coincident with the anisotropic axes, the yield criterion can be 
expressed as a function of principle stresses: 
σ !  σ"! − !'(")'( σ"σ! + '(+")',(-',(+")'(-σ!!                           Equation 2.3 
Both of the criteria are implemented in the commercial FEM code ABAQUS [Aba10]. They 
are suited for most metals subjected to cyclic loading conditions, except voided metals. The 
linear kinematic hardening model can be used with the Mises or Hill yield surface. The 
nonlinear isotropic/kinematic model can be used only with the Mises yield surface in 
ABAQUS/Standard and with the Mises or Hill yield surface in ABAQUS/Explicit. 
Generally, the yield function is thought to affect the magnitude of springback to a lower 
extent than the hardening law. However, for highly anisotropic materials, springback 
predictions are sensitive to the yield function because they strongly depend on the stress state 
after forming [Car09]. The effect of sheet anisotropy on the springback was studied by Ragai 
and co-workers [Rag05]. Thus, in order to achieve better springback predictions in sheet 
metal forming simulations, a proper combination of hardening laws and yield functions 
should be considered. 
Isotropic hardening 
The material hardening is defined as the phenomenon that the yield stress in uniaxial loading 
increases upon increasing the level of plastic deformation. Materials hardening models 
developed by approximating the experimental stress-strain curve by a convenient 
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mathematical function are termed phenomenological models, while material hardening 
models that are based on physical principles of plastic deformation are termed physically 
based hardening models [Bur08]. As the hardening models are key factors to the simulation of 
springback, the role of work hardening has also been widely investigated and many 
researchers have aimed to finding a constitutive model which can accurately describe the 
material hardening behaviour. 
Isotropic hardening model is usually used to describe the evolution of the initial yield surface 
during the deformation process [Jia97]. The schematic explanation of this model is shown in 
Figure 2.7. The isotropic model is featured as the yield surface expands proportionally in 
stress space while its centre remains fixed and the shape is unaltered. 
The traditional isotropic model has somehow successfully predicted the springback of 
traditional materials; however, they didn’t satisfy the high accuracy requirements of the 
springback prediction of high strength steels. What’s more, the isotropic hardening model is 
not able to describe the Bauschinger effect, i.e., the lower flow stress occurring upon stress 
reversal, which is relevant for springback [Lee12a], since the isotropic hardening model does 
not take into account the Bauschinger effect and therefore springback is calculated fully 
elastically [Fir08] (Figure 2.8). As a result, accurate modelling of the material behaviour 
under complex deformation conditions with load reversals requires the hardening model to be 
able to take into account most of the stages of the Bauschinger effect [Yos02a]. 
 
Figure 2.7: Schematic presentation of isotropic hardening model [Jia97]. 
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Figure 2.8: Prediction of stress-strain curve by isotropic hardening models without 
consideration of Bauschinger effect [Fir08]. 
Kinematic hardening 
In order to take effects such as Bauschinger effect into account when the direction of loading 
is altered, the concept of kinematic hardening is introduced. In the stress space the kinematic 
model is represented by the movement of the centre of the yield surface without the change of 
its size (Figure 2.9). This movement of the centre of the yield surface is described 
numerically with the so called back stress. In Figure 2.9 O0 represents the centre of the 
original yield surface, while O1, O2, and O3 are the centres of the deformed yield surfaces. The 
illustration of the evolution of the back stress has been developed from simple linear, multi-
linear, non-linear and even more complicated multi-non-linear models. In Figure 2.10 the 
prediction of the cyclic stress-strain curves is illustrated with the different kinds of kinematic 
hardening models, where the solid lines show the stress-strain curves anticipated by the 
models and the dashed lines indicate the experiment. Different levels of agreement are 
visualised, which will be explained in brief. 
On the contrary of isotropic hardening, the linear kinematic hardening law, which is featured 
as the yield surface translates in certain direction linearly with strain as the material deforms 
plastically while the size and the shape of the yield surface keep constant, was developed by 
Prager and Ziegler [Pra49 and Zie59].  
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Figure 2.9: Schematic presentation of kinematic hardening model [Jia97]. 
The linear kinematic hardening rule is expressed as: 
                                                           da  Cdε7                                                    Equation 2.4 
where a is the current centre of the yield surface in the deviatoric space, dε7 is the plastic 
strain increment tensor and C is a constant [Pra49]. The schematic explanation of this model 
is shown in Figure 2.10 (a). However, this simple linear kinematic hardening rule only 
practically represents the Bauschinger effect. It does not predict the experimental non-linear 
hypothesis after the direction of loading is changed either from tension to compression or vice 
versa. Besides, this model is not capable to reproduce the effects such as plastic shakedown 
when the stress-controlled cyclic test is performed with a mean stress. 
 
(a) 
 
(b) 
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(c) 
 
(d) 
Figure 2.10: Predictions from different models for a strain controlled hypothesis loop: (a) 
Prager linear model; (b) Mroz multi-linear model; (c) Frederic-Armstrong non-linear model; 
(d) Chaboche model [Bar00]. 
Based on the framework developed by Prager and Ziegler, Mroz proposed a multi-surface 
theory, where each surface represents a constant work hardening modulus in the stress space. 
The hardening modulus function and the translation direction are defined first, and then the 
magnitude of the yield surface translation is determined from the consistency condition 
[Mro81]. 
                                                           da8  Cdε87, a  ∑a8                                  Equation 2.5 
The multi-linear kinematic hardening model is able to reproduce the abrupt change of the 
hardening rate after the load reversal, but at the cost of many material parameters [Gen02a]. 
The schematic predictions from a multi-linear model are shown in Figure 2.10 (b). In uniaxial 
loading, the hysteresis loop simulations by multi-linear kinematic hardening model are very 
good as shown in Figure 2.10 (b). A better non-linearity is produced with the model when 
enough amounts of segments are applied, although the prediction of plastic shakedown is still 
impossible as the previous non-linear kinematic model. 
Frederick and Armstrong proposed the famous nonlinear kinematic hardening model [Arm66]. 
In this model, the direction and the magnitude of the yield surface translation are defined first, 
and then the consistency condition is used to derive the generalized plastic modulus [Ris95]. 
The kinematic hardening rule in this model is given in the form: 
                                      da  !;Cdε7 − γadp                                          Equation 2.6 
2.State of the art 
 
20 
 
where dp  |dε7|  [!;dε7 ∙ dε7]"/!; C and γ are constants. C is termed as the modulus of the 
kinematic hardening and γ represents the decreasing rate of C. 
The schematic predictions from Armstrong and Frederick model are shown in Figure 2.10 (c). 
The nonlinear kinematic hardening model has been a leap in representing cyclic plasticity 
responses of materials and has been used by plenty of researchers in the past few decades 
[Bar00]. This model also has difficulties in modelling the smooth elastic-plastic transition 
after the load reversal [Bur08]. 
Frederick and Armstrong’s nonlinear kinematic hardening model was extended and improved 
by Chaboche. The Chaboche model was proposed to decompose the total back stress into a 
number of additive parts to make it possible to describe the smooth elastic-plastic transition 
upon the load reversal [Cha79 and Cha86].  
The decomposed nonlinear kinematic hardening rule was given in the form: 
da  ∑ da8,C8D" da8  !;C8dε7 − γ8a8dp                      Equation 2.7 
where	dp  |dε7|. 
The schematic prediction from Chaboche model is shown in Figure 2.10 (d). Chaboche 
initially proposed to use three decomposed hardening rules, i.e. M=3 in Equation 2.7, to 
improve the simulation of the hysteresis loops [Cha79]. The simulation for a stable hysteresis 
loop improves as shown in Figure 2.10 (d). The three segments of the back stress help to 
illustrate the early yielding, the transition from elastic to plastic region and the linear plastic 
region of the stress-strain curve, respectively. 
Isotropic-kinematic combined hardening 
To accurately simulate the actual forming process, which involves non-monotonous stress or 
strain path, for example when the metal sheet passes around the die and undergoes bending-
unbending-stretching, both isotropic and kinematic hardening should be taken into 
consideration (Figure 2.11). 
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Figure 2.11: Schematic presentation of isotropic-kinematic combined hardening model 
[Jia97]. 
Recently, isotropic-kinematic hardening laws combined with general non-quadratic 
anisotropic yield functions were used to predict springback for high strength steel parts 
[Cao09]. The modified Chaboche type combined isotropic-kinematic hardening law was used 
by Lee and co-workers to predict springback and they had achieved good results [Lee05a]. 
Barlat developed a homogeneous yield function-based anisotropic hardening model [Bar11] 
and Lee and his co-workers used this model to predict the springback in U-draw/bending test 
[Lee12b]. The prediction capability of sheet springback has dramatically improved since the 
stress-strain curves in forward and reverse loading have been considered [Lee12a]. 
In order to determine the constants in the models above, certain cyclic tests have to be 
performed, in which the loading paths, especially the directions of the loading are changed or 
even turned around. 
2.2.3 Tests to determine the constants of the models 
A lot of efforts have been spent on the testing of materials behaviours along the change or 
reverse of the loading paths for sheet metals, including cyclic bending, cyclic shear and cyclic 
tension-compression etc. 
Cyclic bending 
Cyclic bending-unbending tests are studied by various researchers [San00, Yos98, Geng02, 
Zha02 and Riz10]. The set-up of the cyclic bending tests is shown in Figure 2.12 and 
Figure 2.13. From these tests the force-deflection curves of certain cycles are achieved 
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including bending-unbending-reverse bending-reverse unbending, which could be used to 
reverse-calibrate the kinematic hardening model parameters. Reverse calibration means that 
the physical test is simulated with FEM code and iteration method is normally applied until 
the best fit between experiment and simulation is established. These tests are easy to perform 
and do not require advanced measurement technique. Besides considerable plastic 
deformation are possible due to the fact that the external force are not directly applied along 
the plane of the samples. However, the transformation of the data from force-deflection to 
stress-strain is not as easy as in the compression-tension test. The strip tension cannot be 
controlled or measured directly. The strain and stress distribution is heterogeneous and the 
deficiency of process control makes the test less favourable for springback characterisation 
testing. 
 
Figure 2.12: Schematic set-up of bending and unbending tests [Yos98]. 
 
Figure 2.13: Schematic set-up of bending and unbending tests of Rizzo et al [Riz10]. 
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Cyclic shearing 
Another test method for the study of cyclic hardening and Bauschinger effect is the well-
known Miyauchi shear test [Miy84] and other simple shear tests [Huz92], as schematically 
shown in Figure 2.14. Both tests are able to deform the sample up to great shear strain level, 
although cause some difficulty in modelling the Bauschinger effect of sheet metals subjected 
to tension-compression stress reversals, as in the case of 2D draw bending [Kuw07]. 
 
(a) 
 
(b) 
Figure 2.14: Shear test samples of (a) Miyauchi test [Miy84] and (b) Hu et al. [Huz92]. 
Cyclic tension-compression test 
The most direct way to determine the stress-strain curve with complex strain paths is cyclic 
tension-compression test, in which the sample subjects first pure tension (compression) and 
followed pure compression (tension) through several cycles. Due to the buckling of the sheet 
samples during compression, only limited strain level is attainable but the intuitive uniaxial 
stress and strain make it favourable when Bauschinger effect is under investigation. Moreover 
the strain distribution is homogeneous over the whole forming area in these tests. With regard 
to prohibit buckling of the sample in order to obtain remarkable strain level two forms of 
sample set-ups are commonly employed, which include the adhering of several identical 
samples together and application of side force with different types of anti-buckling devices. 
When it comes to the compression of sheet samples, the application of proper adhesive to 
bond a few identical samples together is the first solution to prevent buckling. According to 
the German standard of compression test DIN 50106 [DIN78], the ratio between the height h0 
and the diameter d0 of the forming area for bulk samples should be ensured: 
1 E F /G E 2.                                               Equation 2.8 
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Therefore to imitate the compression test of bulk sample for steel sheet, the gauge length of 
the samples should be much smaller comparing to the conventional tensile test. Adhesives 
that have negligible influence on the strength of the bunch of samples can be used to increase 
the total thickness of the forming area for the sake of compression. The disadvantage of this 
type of set-up is that the adhesive normally could not withstand high deformation degree and 
the connection between individual samples is easily lost. Besides for materials with large 
grains it is possible that within the small gauge length only a limited number of grains are 
contained in the forming area, which does not represent the overall materials macroscopic 
properties. Furthermore, the increase of the thickness (number of individual samples) requires 
also the increase of clamping force from the sample holders. 
The second form of compression test for sheet metals involves the application of different 
types of anti-buckling devices, which exert side force perpendicularly to the sheet samples. 
Various forms of anti-buckling device have been developed in the past few decades [Iwa01, 
Kuw01, Cao09 and Lee05b]. The schematic set-up of the samples is shown in Figure 2.15. 
The application of anti-buckling devices, as shown in Figure 2.15, reduces the probability of 
buckling effectively, if the friction between the sample and the device is negligible. However, 
the anti-buckling device covers significant portion of the forming length, which makes the 
measurement of strain difficult. Normally strain gage or extensometer is preferred in this case. 
Yoshida et al combined the two methods, as shown in Figure 2.16. With five identical 
samples adhering to each other as well as a holder to prevent buckling it was able to measure 
compressive strains up to 0.25 for mild steel and 0.13 for high strength steel [Yos02b]. 
 
 
(a) 
 
(b) 
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Figure 2.15: Anti-buckling devices for sheet tension-compression tests: (a) Iwata [Iwa01]; (b) 
Kuwabara [Kuw01]; (c) Cao [Cao09]; (d) Lee [Lee05b]. 
 
Figure 2.16: Schematic illustrations of in-plane cyclic tension–compression tests of sheet 
metals [Yos02b]. 
From these tests the constants of the kinematic models can be derived, either with trial and 
error method until the best fit is finalised or by inputting the experimental directly into the 
FEM software. Afterwards specific tests should be designed involving forming, especially 
bending and springback after unloading to account the quality of the model with respect to the 
springback prediction. 
2.3 Verification tests and sensitivity study 
Simple bending 
During the last years, due to the increasing interest on springback, various researchers have 
developed several bending experiments to study and analyse springback. Figure 2.17 shows 
2.State of the art 
 
26 
 
the easiest and most commonly used procedures: cylindrical bending [Ora97, Alv07, Mei08, 
Lee09 and Yoo09], U-bending [Cho99 and Han99] and V-bending [Nil97, Zha97, For98, 
Han99, Nis03, Sin04, Tek04, Tek06, Kim07 Leu08 and Kim11]. Flanging is also a commonly 
used procedure [Liv01 and Liv02, Liv03, Lin05a and Pal08]. In these bending tests the sheet 
samples are bent to different angles according to the shapes of the bending dies. The formed 
bending angles before and after springback are measured. The difference or the ratio of angles 
after and before springback is used to characterise springback, which are termed as 
springback angle or springback amount and springback ratio, respectively. Large level of 
springback, which can easily be measured, occurs in these experiments. As a result, these 
experimental techniques are widely used. What’s more, the sensitivity of springback to basic 
parameters, such as the tool radius to sheet thickness ratio, mechanical properties of sheet 
material and contact conditions can also be investigated in these procedures. 
 
Figure 2.17: Three types of bending test for the characterisation of springback [Bur08]. 
Bahloul et al. studied the springback of HSLA steels in L-die bending, in which the sheet 
sample is bent with a rectangular die and a 90° angle is formed before springback. Springback 
after bending operation was heavily dependent on die corner radius. Large die radius favoured 
a significant increase of the final bending angle compared to the desired one. Besides they 
found out the more the clearance between punch and blank, the more the evolution of 
springback after bending operation. A smaller clearance defined a larger maximum strain at 
the edge of sheet metal part, which decreased the relative influence of elastic deformation 
(Figure 2.18) [Bah06]. 
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Figure 2.18: Effect of die radius Rd on springback angle in case of constant sheet-die 
clearance (left) and Effect of punch-blank clearance on springback angle in case of constant 
die radius (right) [Bah06]. 
In the V bending process for AZ31 magnesium alloy Bruni et al. found out that for a given 
temperature, stroke and punch speed, springback decreased with decreasing punch radius; 
Springback decreased with increasing forming temperature, irrespective of the punch radius 
value, even though such effect was reduced with decreasing punch radius and becomes almost 
negligible for the smallest one investigated. A very small effect of the punch speed on 
springback was observed with a trend characterised by a slight decrease in springback with 
increasing punch speed, as shown in Figure 2.19 [Bru06]. Romeu et al. found that steel gave 
larger springback than aluminium when the other test conditions were kept the same in similar 
bending process [Rom07]. 
  
Figure 2.19: Effect of temperature and punch radius on the springback ratio (left) and Punch 
speed effect on the springback ratio [Bru06]. 
Chang and co-workers observed in U-bending that the springback increased with the 
decreasing sheet thickness and increasing punch radius [Cha02]. Cho et al examined the 
influence of different parameters on the amount of springback in U-bending simulation. They 
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found that punch radius, punch-die clearance and friction have significant influence on 
springback in such a way that punch radius and punch-die clearance linearly increased 
springback; friction coefficient showed linear correlation with springback up to a certain limit. 
Sheet thickness and punch velocity, however, did not show strong effects on springback 
[Cho03]. The variation of springback on different parameters is shown in Figure 2.20. Liu et 
al. developed a neural network genetic algorithm to predict springback based on U-bending, 
for which the effects of various factors were essential. From the results of several impact tests, 
it was found that one got lower springback value by selecting the material with smaller yield 
strength (YS), bigger Young’s modulus (E), smaller ratio of bending radius to sheet thickness 
(R/t), bigger ratio of bending height to sheet thickness (h/t), thicker sheet metal (t), and bigger 
ratio of tool gap to sheet thickness (c/t) [Liu07]. The influence of different parameters is listed 
in Table 2.1. 
  
  
Figure 2.20: Parametric dependence of springback on (a) punch radius; (b) die radius; (c) 
punch die clearance and (d) friction coefficient [Cho03]. 
Parameter YS E R/t h/t t c/t 
Influence + - + - - + 
Table 2.1: Influence of different parameters on the springback amount, where + means 
springback amount increases with the increase the parameter and vice versa for -. 
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Chan et el. Studied the springback through the simulation of a V-bending process with one 
clamped end [Cha04]. They found out that springback decreases as punch angle and punch 
radius increases. Springback decreases when the area of plastic deformation increases. The 
decrease in spring-back becomes insignificant after the punch radius has exceeded a certain 
value. Therefore, there is an optimum punch radius to achieve minimum springback. 
Performing the V-bending for five materials with different combination of tool geometries, 
Inamdar et al. concluded that springback strongly depends on the die gap/thickness ratio and 
the bend angle [Ina02]. Li et al. found that springback increases with increasing bending angle 
in V bending. For the simulation of the V-bending, hardening model and Young’s modulus 
directly affect the accuracy of the springback prediction [Lix02]. 
Chen and Ko made conclusion based on the experiment and simulation of a L-bending 
(flanging) process that smaller die radius and tool clearance reduced springback [Che06]. For 
4 materials ((HS110, AKDQ, SAE980X, and a mild steel) in straight flanging process 
Buranathiti and Cao concluded that springback angle increased with die radius and tool 
clearance [Bur04]. A cantilever type forming jig was designed by Fu and co-workers to 
investigate the springback of steel and copper alloy strips. The experimental results show that 
the springback increased as the die radius and die angle increase and decreased with 
decreasing die gap. The springback of the specimens in the rolling direction was also shown 
to be greater than that of the specimens perpendicular to the rolling direction [Fum97]. 
Mkaddem and Saidane investigated the influence of springback for 0.09% HSLA carbon steel 
with plenty of flanging tests with consideration of bending mode and sheet anisotropy. It has 
been shown that springback varied nonlinearly with stroke and it decreased as stroke 
increased. It was noted that the final shape of parts was as accurate as clearance decreases. 
The highest variation ratio was observed in [−10%, 10%] range of relative clearance values. 
According to the experimental results, it has been demonstrated that die radius was one of the 
main factors in which springback depended. Accurate shape of bent parts was obtained for 
less values range. The highest springback values were obtained for a parallel bending line to 
the rolling direction [Mka07]. 
Gau and Kinzel [Gau01] proposed a simple bending-reverse bending experimental method to 
characterize the springback of sheet metal. The experimental procedure consisted of several 
steps: bending, turning the sheet specimen and bending in the opposite direction, turning the 
specimen again and bending it in the original direction, and so on. Angle after springback was 
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determined by the coordinate measuring machine and the dependence of this angle on the 
deformation history can then easily be observed. 
However, these experiments are too simplified to imitate the real process conditions during 
sheet metal forming [Bur08]. As a result, in the recent years, these experiments are improved 
and extended by many researchers to characterise the springback of sheet metals. 
Streching bending 
Stretch forming is a metal forming process in which a piece of sheet metal is stretched and 
bent simultaneously over a die in order to form large contoured parts. Stretch bending tests 
are used to study the importance of tension in minimising and controlling springback 
[Kuw04]. Figure 2.21 shows a typical test scheme of stretch bending test. Stretch forming is 
performed on a stretch press, in which a piece of sheet metal is fixed between the gripping 
jaws and is deformed by displacing the semi-cylindrical punch through a certain distance. The 
tooling used in this process is a stretch form block, called a form die, which is a solid 
contoured piece against which the sheet metal will be pressed. As the form die is driven into 
the sheet, which is gripped tightly at its edges, the tensile forces increase and the sheet 
plastically deforms into a new shape. This type of test can be used to show the effect of in-
plane tension on the amount of springback [Cla01]. 
 
Figure 2.21: Schematic set-up of stretch bending test [Kuw04]. 
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Cupping test 
Gnaeupel-Herold et al. investigated the springback through the split cup ring test, as shown in 
Figure 2.22. The through-thickness residual stress distributions in a ring cut from a deep 
drawn Al-6022 cup in the loaded and unloaded state were measured non-destructively using 
synchrotron radiation. The opening of the ring could be considered as a measure for 
springback [Her04]. Wang el al. used the same test to verify the isotropic-kinematic combined 
model for DC06 with the consideration of directional hardening, which was based on the 
Teodosiu model [Teo98], and the model can be used to simulate forming processes with 
complicated but continuous strain path changes [Wan06 and Wan08a]. 
 
Figure 2.22: Sectioned cup and a split ring [Her04]. 
The predictability of the wall thickness and punch force during reverse cup drawing test by 
three different models (isotropic-, Chaboche type kinematic- and anisotropic non-linear 
kinematic combined hardening) is studied by Chung et al [Chu02b]. Based on simulation 
results they proved that the anisotropic non-linear kinematic combined hardening model 
predicted a more accurate maximum punch force and a more reasonable earing pattern. 
A detailed experimental and numerical study on the split ring test of an aluminium alloy was 
carried out by Xia et al. with S4R elements and isotropic hardening model in ABAQUS 
[Xia07]. It demonstrated that simulations were able to predict certain aspects of the forming 
processes fairly well, such as deformation profile, strain/thickness distributions, and total 
force required for forming. However, accurate springback prediction remained a challenge. It 
was shown that the selection of plasticity models played a significant role in the simulation 
results. Plasticity yield criteria and hardening models were critical in determining the stresses. 
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Top hat drawing 
The top hat drawing benchmark test of NUMISHEET 1993 has been considered as an 
effective procedure to assess springback in sheet metals under realistic forming conditions 
[Mak93]. Figure 2.23 shows the schematic setup of this test. The blank is clamped down by 
the blank holder over the die. A punch moves downward into the blank and draws, or 
stretches, the material into the die cavity. The movement of the punch is usually hydraulically 
powered to apply enough force to the blank. Both the die and punch experience wear from the 
forces applied to the sheet metal. During forming, punch pushes downward on the sheet metal, 
forcing it into a die cavity. The tensile forces applied to the sheet cause it to plastically deform 
into a cup-shaped part. After the blank is completely deformed, the punch and blank holder 
can be raised and the formed part removed from the die. During forming, the blank material 
experiences stretching, bending and unbending deformations when it passes the tool radius 
[Bur08]. This deformation path creates complex stress-strain states and matches the real 
forming situations. After removal from the tools springback of the deformed part takes place. 
 
(a) 
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(b) 
Figure 2.23: Schematic set-up of NUMISHEET’93 benchmark (a) top hat drawing test and (b) 
measurement of springback [Mak93]. 
Firat and co-workers proposed a non-linear kinematic hardening rule combined with Hill’s 
orthotropic yield function to predict the angle profile in top hat drawing process. The 
simulation with the model correlated with the experiment well and they also found the cyclic 
hardening characteristic of the isotopic hardening model was observed to be the key factor in 
the underestimation of the profile angles [Fir08]. 
According to the investigation of Gomes springback in rolling direction and transverse 
directions showed considerable variation, which cannot be distinguished clearly by Mises or 
Hill yield criteria [Gom05]. For the simulation of many forming operations, the choice of 
hardening law was less important than the uncertainty of other simulation parameters (mesh 
size, element type, number of integration points) [Had07].  
The top hat drawing was simulated by Lee with combined model of isotropic hardening and 
Chaboche type kinematic hardening for two Al alloy and DP steel. The large blank holder 
force suppressed springback and the pure kinematic hardening law was not suitable to 
simulate the sidewall curl [Lee05a]. The more complicated isotropic-kinematic combined 
model on the other hand could predict more accurate springback with respect to the 
framework of Yoshida and Uemori, which was verified by the same benchmark test [Yos03]. 
Several work hardening models were evaluated by Oliveira et al. to predict the springback in 
top hat drawing. The choice of work hardening model associated with the accuracy the 
springback prediction. These simple test results confirmed that not only were strain-path 
2.State of the art 
 
34 
 
changes themselves important but also the strain attained by each strain-path, explaining why 
there was no global trend for the work-hardening models under study. One model can predict 
larger springback angles for some materials and smaller for other ones according to the 
predominant strain-paths and strain-path changes. Also, by comparing the influence of the 
work hardening models on springback, different trends can be expected depending on the 
selected sheet metal formed part as well as the process conditions [Oli07]. 
The influence of various physical and numerical parameters on springback was studied by 
Papeleux and Ponthot with the NUMISHEET’93 benchmark test for three materials: mild 
steel, HSS and Aluminium [Pap02]. The simulation was carried out with the isotropic model. 
From the experiment it was observed that springback increased with small BHF, but 
decreased as the BHF increased for large values. Friction showed the same effect as BHF, 
although it was quite difficult to quantify the friction coefficient both experimentally and 
numerically. Besides, implicit algorithm was found to be of less CPU consumption than 
explicit algorithm. The isotropic hardening model was proved to be accurate when it was used 
to simulate the final geometry of the region that subjected to bending once and more advanced 
model was required when the material goes through bending-unbending combined processes, 
which was the same conclusion drawn from a similar study by Ragai el al. [Rag05].  
Samuel applied the simulation of top hat drawing to three different materials including a mild 
steel, stainless steel and aluminium [Sam00]. The proposed model was based on the 
Lagrangian formulation taking into consideration of anisotropic value, the material properties, 
tool geometry, blank holder force, and friction coefficient. Depending blank holder force, 
springback increased with punch radius and side wall curl decreased with die radius. The 
increase of friction coefficient decreased both springback angle and side wall curl by 
increasing the sheet tension. Springback ratio increased as the normal anisotropic value 
increased, or as the strain hardening exponent decreased. For the two investigated steels, 
higher strength resulted in greater springback. Aluminium generated the highest springback 
due to the small Young’s modulus and the resulted large strength/Young’s modulus ratio. The 
variation of springback angle with different blank holder force, die radii and friction 
coefficients is shown in Figure 2.24. 
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Figure 2.24: Influence of blank holder force (left), die radius (middle) and friction coefficient 
on the springback angle in the NUMISHEET’93 benchmark test [Sam00]. 
Xu et al made a sensitivity study of springback in top hat drawing of high strength steel 
[Xuw04]. They proposed a few guidelines for the simulation of springback regarding the 
influences of different factors on springback. Too many or too few integration points through 
thickness are disadvantageous for the explicit solution of springback and therefore, seven 
integration points are suggested. The blank sheet element size is sensitive in springback 
simulation, usually five elements contacting die radius being required. The punch velocity 
shall not exceed 1 m/s in the springback simulation. 
Instead of springback itself Chen and co-workers took a look at the springback variation of 
three ultra high strength steels (DP600, DP800 and DP1000) in top hat drawing, as shown in 
Figure 2.25. According to their investigation, increasing thickness reduced springback 
variation. The application of lubricant decreased springback variation, although it increased 
springback itself. Besides the influence of blank holder force was negligible on springback 
variation [Che08]. 
 
(a) 
 
(b) 
Figure 2.25: Schematic set-up of U drawing and the strip after springback [Che08]. 
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However, the sheet tension is hard to control and cannot be measured directly in the top hat 
drawing test, which makes this experimental procedure less suitable for verifying the results 
of simulations [Lik02]. 
Draw bend test 
Carden and co-workers developed an experimental procedure that can be used to study 
springback in sheet metals in realistic forming conditions [Car02]. The draw bend test is 
schematically shown in Figure 2.26. The experimental set-up consists of two hydraulic 
actuators oriented at a 90° angle to one another, and a fixed or freely rotating cylinder to 
simulate a tooling radius over which the strip sample is drawn. The upper actuator is 
programmed to provide a constant restraining force, Fb. The lower actuator is set to displace 
the blank at constant speed, v, thus drawing, bending-unbending, and possibly, stretching the 
sample over the cylinder. When the test is over, the sample is allowed to springback by 
removing it from the grips. The angle ∆θ is a measure of springback, which is zero before the 
removal from the tools. The radius of the curvature of drawn part serves as another parameter 
for springback characterisation. The test is considered as a well-characterised example of a 
forming operation that emulates real process conditions and has the advantage of simplicity 
[Lik02]. With the free rolling cylinder, the friction during forming can be minimized. This test 
can also be used to show experimentally the time-dependent springback of aluminium alloys 
and advanced high strength steels [Lim12]. 
 
Figure 2.26: Schematic set-up of draw-bending test [Car02]. 
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Carden drew the conclusion based on the observations of draw bend test of three materials: 
DQSK and HSLA steels, and 6022-T4 aluminium alloy. Applied tension drastically reduced 
springback, although an unexpected drop and plateau region of smaller dependence appeared 
for back forces in the range of 0.8–1.2 times the material yield stress. Besides, friction was 
found to be little influence on springback and springback decreased for larger tool radii (R/t 
greater than about 5) [Car02]. 
Geng and Wagoner studied the simulation of draw-bending test of aluminium and HSLA steel 
with anisotropic hardening model and a few yield loci including von Mises, Hill48, Barlat89 
and Barlat96 [Gen02b]. They found that for the constitutive modelling of springback, 
hardening model dominated at low back force and yield function dominated at higher back 
force. 
Lee et al. studied the springback in draw bending for AZ31B magnesium alloy experimentally 
and numerically [Lee09]. Springback angle and angle of sidewall curl were found decreased 
as the restraint back force increased. The springback increased as the R/t ratio decreased. 
However, the springback in the roller region was less sensitive to the R/t ratio than those at 
the side wall region. In another study they investigated the draw bend test of an Al alloy with 
combined isotropic non-linear kinematic model [Lee07]. Regarding the effect of process 
parameters, springback decreased as the R/t ratio, constraining back force and friction 
between sheets and tools increased (Figure 2.27). The normalised back force is defined as the 
ratio of back force/(yield strength*area of sample cross section). As for the effect of material 
properties, springback increased as the Bauschinger effect decreased from pure isotropic 
hardening to pure kinematic hardening. However, the elastic-plastic unloading may increase 
the springback at the sidewall region for pure kinematic hardening especially when restraining 
back force became large. For the yield surface shape, springback increased as the sharpness of 
yield surface corners decreased. 
Vladimirov et al. applied three models, which were isotropic, kinematic, Armstrong-Frederic 
type isotropic-kinematic combined model to simulate the springback of DP600 steel sheet in 
draw bending process [Vla09]. The draw bend test machine is shown in Figure 2.28 The 
identification of the hardening model parameters were realised only through the tensile test 
results. Compared with the experimental results, the simulation with the isotropic-kinematic 
combined model gave the best prediction of springback. The same conclusion was drawn by 
Zhao and Lee with the simulation of the same draw bend test for 6022-T4 aluminium alloy 
[Zha01a]. 
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(a) (b) (c) 
Figure 2.27: Variation of springback angle in dependence of (a) R/t ratio, (b) back force and 
(c) friction coefficient [Lee09]. 
 
Figure 2.28: Draw bend test machine and the set-up with steel sheet [Vla09]. 
From the comparison of the resulting forces in draw bend test, Chun et al. concluded that an 
accurate modelling of the Bauschinger effect became more important under multiple bending-
reverse bending cycles. Consequently, the anisotropic non-linear kinematic combined 
hardening model was shown to be effective for sheet metal forming process simulation and 
subsequent springback prediction under multiple bending-reverse bending cycles [Chu02b]. 
With both experiment and simulation of draw bend test for DQSK steel, 6022-T4 aluminium, 
and HSLA steel, Li el al. proposed a few guidelines for the simulation of springback: up to 51, 
typically 15-25 integrated points through thickness are required for the accurate simulation of 
springback, dependent on the sheet tension, R/t and friction. More contact nodes are necessary 
for springback simulation than for forming simulation. Equilibrium convergence and contact 
tolerances must be enforced carefully throughout the forming and unloading operations, but 
values typical of commercial implicit forming simulations are sufficient. 3D shell and non-
linear solid elements are preferred for springback prediction. As for the physical sensitivity, 
strip tension dominated springback in such a way that increased strip tension decreased 
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springback. The effect of R/t was a gradual reduction in springback for increasing R/t greater 
than 5 or 6. For R/t less than 5 or 6, springback was reduced rapidly for decreasing R/t, 
dropping to zero around R/t = 2. The presence of a Bauschinger effect altered springback 
angles significantly and thus must be taken into account in bending-unbending operations 
[Lik02]. 
Anisotropic hardening model combined with Barlat’96 yield function was used to simulate 
the draw bend test of 6022-T4 aluminium alloy [Wan05]. 4-node shell element was used in 
ABAQUS with 15 integration points through thickness. The effects of various parameters on 
springback, was analysed with experiment and simulation. Springback steadily decreased as 
sheet tension increased, with sudden decline of springback angle as the front pulling force 
approached yielding. Persistent anticlastic curvature was identified as the cause of this rapid 
change. Larger tool radius leaded to less springback, but had a less significant effect than 
sheet tension. For Fb = 0.5 and R/t = 14, the springback angle first decreased, then increased 
with the strip width, but the anticlastic curvature monotonically decreased with the specimen 
width. However, both springback angle and anticlastic curvature decreased with the specimen 
width for Fb = 0.9. 
2.4 Compensation of springback 
To compensate the geometrical error caused by springback, many efforts have been made. 
There are basically two categories to compensate springback: (a) varying the process or 
material parameters or (b) surface control of the tool. The first method benefits from the 
sensitivity study, as illustrated in Chapter 2.3. With the optimal combination of different 
process and material parameters it is possible to establish a set-up with the least springback. 
However, it is only suitable to simple forming processes, for which the forming variables such 
as die radius, punch radius or friction coefficient are easy to identify. The second method 
varies the shape and geometry of the tools instead of springback. In this case, springback itself 
is not reduced but it suggests the robust die design, which takes into consideration the 
influences of materials properties, process parameters and tooling, therefore generates a tool 
profile for specific forming. It is preferred to compensate springback in complicated industrial 
processes. 
2.4.1. Optimisation of process or material parameters 
Ling et al. simulated the L-bending with ABAQUS for aluminium alloy Al2024-T3. The 
variation of springback with different die parameters was analysed and the die design 
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recommendation was made with these parameters to reduce springback. It was found out that 
die radius and die clearance had major influence on springback. If the die design allowed for 
small radius, the recommendation was to use as small a die radius as possible to reduce 
springback. However, care must be taken to avoid using a die radius smaller than the 
minimum bend radius of the metal, so as to prevent the bend area from cracking. Reducing 
the size of the die clearance can also further reduce springback, provided that the bend leg did 
not curve. Having a step in the die can also reduce springback further [Lin05a]. 
The response surface methodology was adopted by Bahloul et al. for the wiping die bending 
as illustrated in Chapter 2.3. Both experiment and numerical simulation were performed with 
4 different die radii and 6 different clearances. The amount of springback served as the 
objective function. A low die radius and as well as low clearance were found to be beneficial 
to minimise springback [Bah06]. 
Hilditch and co-workers investigated the curl height and springback dependent of back 
tension and strain aging as well as the material types during draw-bending. Two advanced 
high strength steels DP600 and TRIP590 were selected as reference materials. It was found 
out that the springback showed a non-linear trend with springback decreasing as increasing 
back tension (Figure 2.29). Therefore the back tension could be applied to decrease the 
amount of springback, which is always utilised in the industrial processes [Hil07]. 
 
Figure 2.29: Springback angle vs. back tension for all examined materials in the as received 
condition [Hil07]. 
Kim et al. studied the influence of temperature, blank holder force, friction and forming speed 
on the amount of springback in warm forming conditions [Kim08]. They used ABAQUS to 
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simulate the top hat drawing of AA5754-O alloy. It was observed that springback decreased 
with increasing temperature in both isothermal and non-isothermal conditions (Figure 2.30). 
 
Figure 2.30: Effect of temperature in isothermal condition (left) and non-isothermal condition 
(right) [Kim08]. 
The trend of reduction of springback with increasing blank holder force was observed in the 
same work. This effect could be seen in all the three conditions (Figure 2.31): room 
temperature, isothermal heating (Tdie = Tpunch = 250°C) and non-isothermal conditions (Tdie = 
250°C, Tpunch = 25°C). 
 
Figure 2.31: Effect of blank holder force in three conditions (a: room temperature, b: Tdie = 
Tpunch = 250°C and c: Tdie = 250°C, Tpunch = 25°C) [Kim08]. 
The same trend was discovered for friction that springback increases with increasing friction 
coefficient (Figure 2.32), whereas, the effect of punch speed was found to be negligible on 
springback. 
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Figure 2.32: Effect of friction in three conditions (a: room temperature, b: Tdie = Tpunch = 
250°C and c: Tdie = 250°C, Tpunch = 25°C) [Kim08]. 
Naceur et al. used the response surface methodology (Figure 2.33) to optimise the top hat 
drawing process. In the optimisation by response surface an objective function, which 
represented the amount of springback, was formulated with different influencing parameters 
and the according adjusting coefficients as: 
H+I-  JK+I-L+I-                                         Equation 2.9 
where p(x) is the basis function of different experimental points x and a(x) is the weight 
function, which was determined by the weighted least square method. The optimisation 
problem then turned to the minimisation of the function f(x) by changing the combination of 
different forming parameters [Nac05]. 
Naceur et al. took two geometrical parameters into account: die radius and punch radius. With 
the minimization of an objective function the punch radius Rp = 2.23mm and die radius Rd = 
22.97mm are obtained. 
 
Figure 2.33: Response surface model [Nac05]. 
Song et al. optimised the draw-bead force for reducing springback in an outer panel of front 
side member. The objective function was assigned as the amount of stress deviation along the 
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thickness direction, which was directly obtained from the finite element stamping simulation. 
A response surface method was utilized in the optimization process with the optimum 
parameters of blank holder force and draw bead force (Figure 2.34). The determination of the 
blank holder force in a U-draw bending process was performed in order to demonstrate the 
validity of the suggested scheme. The increase of blank holder force decreased the stress 
inhomogeneity through thickness. The application was further extended to the design of the 
draw-bead force in the front side member formed with DP600. Results showed that 
optimization of the draw-bead force decreased the stress deviation through the thickness and 
reduced the amount of springback of formed parts. The springback simulation fully 
demonstrated that the analysis provided a guideline for controlling the evolution of 
springback based on the finite element simulation of complicated auto-body members [Son07]. 
Lin et al. presented a 3D solid-to-shell mapping FE analysis and a response surface study of 
curved-surface-curved-edge hemming process of the alloy AA6111-T4. Based on their study 
the curvature played the most important role on radial springback, with a trivial nonlinearity 
and the springback increased almost linearly away from the hemline. These quantitative 
results can serve as guidelines for the hemming process and product design [Lin07]. 
 
 
(a) 
 
(b) 
Figure 2.34: Schematic diagram of the optimization procedure with response surface method: 
(a) optimisation procedure; (b) response surface technology [Son07]. 
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Chirita optimises the metal forming process by minimising a cost function. He took into 
account three process parameters: blank holder force, punch radius and die radius 
(Figure 2.35). Finally with the response surface method the process parameters were chosen 
to minimise springback by Design-Expert. The U-die bending process was simulated with 
ABAQUS and the achieved results corresponded well with the predicted values of the 
estimation [Chi08]. 
 
(a) 
 
(b) 
Figure 2.35: The response surface method: (a) the variation range of three parameters; (b) 
response surface with A as blank holder force and B as punch radius [Chi08]. 
2.4.2. Geometric variation of tooling 
The direct compensation of the die surface is based on the framework of Gan and Wagoner 
[Gan04], which is known displacement adjustment (DA) or of Karafillis and Boyce [Kar92a, 
Kar92b and Kar96], which is termed as spring forward (SF). The schematic illustration of the 
two methods is shown in Figure 2.36. 
The concept of the DA method is to move the surface nodes defining the die surface in the 
direction opposite to the springback error. At first the flat sheet is deformed with a die shape 
that is the same with the target. After springback the amount of deviation with the target is 
measured on different nodes. The target shape with the supplement of the deviation generates 
the new die shape. An iterative process is applied here until the deformed shape is within the 
acceptable tolerance [Gan04]. 
Instead of the deviation of the nodes on the surface, the spring forward assumes the external 
force as the reference. A flat sheet is first deformed into the target shape and the external 
forces are recorded. At Step 3, the target shape is elastically loaded by the recorded external 
forces and the next trial die shape is obtained (the same shape as the deformed blank shape at 
the end of this step). This is the ‘‘spring forward’’ step. The shape of the part is then checked 
with simulation. The iteration is carried out until satisfying part geometry is obtained [Kar96]. 
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(a) 
(b) 
Figure 2.36: flow chart of (a) displacement adjustment and (b) spring forward methods 
[Gan04]. 
Lingbeek et al. developed two different ways of geometric optimization, the smooth 
displacement adjustment (SDA) method (Figure 2.37) and the surface controlled over bending 
(SCO) method (Figure 2.38). With the SCO method and ICEM-surf, modification of CAD 
geometries was principally possible as well. This made the method already useable in 
industrial practice. In the SCO method the punch, the die and the blank holder were modified. 
A decrease of the deviation was 64% after modification. The over bending factor depended 
strongly on the geometry and material of the product, and on the forming process [Lin05b]. 
Lan et al. developed an optimisation technique to construct NURBS free-form surface from a 
set of scattered data points (Figure 2.39). This technique was successfully used to generate a 
smooth tool surface by approximating offset data points, which were obtained from FE 
springback simulation and were used to define a new shape of tool for springback 
compensation [Lan06]. 
 
2.State of the art 
 
46 
 
 
Figure 2.37: Sequential application of the DA principle [Lin05b]. 
 
Figure 2.38: The control surfaces of the over bending method [Lin05b]. 
The method was applied to an automotive sheet part made of aluminium alloy. A pre-
specified tolerance (0.25mm) of the formed part can be achieved through three iterations of 
FE forming simulation. 
 
Figure 2.39: Tool and springback shapes in a section of the part [Lan06]. 
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To eliminate the geometric error due to springback a method to calculate die surface over-
crown has been proposed by Livatyali et al. [Liv06]. This 3D compensation method assumed 
the necessary geometry change due to springback same as the springback and modified the 
draw die surface geometry same amount with the calculated springback of finite element 
nodes, but in the reverse direction, as shown in Figure 2.40. The proposed method was tested 
on the case part (member floor side rear of and LCV), which had serious geometric problems 
during die try-out. With the proposed die the new part shape by simulation was much closer to 
the desired one. 
 
Figure 2.40: Springback and its compensation: curve A with ρ represents the neutral surface 
after drawing, curve B with ρ’ is obtained after springback prediction and curve C with ρc is 
the surface with over-crown [Liv06]. 
Paunoiu et al. used a reconfigurable multipoint die (Figure 2.41) for virtual compensation of 
springback in sheet metal deformation. The method was based on displacement adjustment 
method. The compensation was completed within two iterative steps thus reduce the 
compensation time and cost [Pau07]. 
 
Figure 2.41: Reconfigurable surface tooling [Pau07]. 
Wang et al. presented a new method for springback control in the air bending process. The 
method attempted to minimize springback error by utilizing the information collected from 
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loading–unloading cycles. As the loaded and unloaded angles were analysed, a more accurate 
assessment of the work piece thickness and material properties can be achieved. The 
information was then used to determine the final punch position to obtain the desired bend 
angle. The FEM code LS-DYNA was used to model the materials with different thickness and 
properties [Wan08b]. 
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3 Experimental set-up 
3.1 Experimental set up for materials characterisation 
3.1.1 Investigated materials 
Five industrial steel sheets were investigated in the current work: BS800 (hot rolled bainitic 
steel, thickness = 1.6mm), DP800 (cold rolled dual phase steel, thickness = 1.4mm), TRIP800 
(cold rolled transformation induced plasticity steel, thickness = 1.5mm), DP1000 (cold rolled 
dual phase steel, thickness = 1.5mm) and M1200 (cold rolled martensitic steel, thickness = 
1.5mm), all of which fall into the category of high strength steels or ultra high strength steels. 
The chemical compositions of the five materials are listed in Table 3.1. 
 C Si Mn P S Al Cu Cr Ni Mo Ti V Nb 
BS800 0.08 0.51 1.97 0.016 <0.001 0.068 0.017 0.036 0.36 0.003 0.132 0.006 0.045 
DP800 0.14 0.24 1.83 0.012 0.001 0.040 0.022 0.380 0.04 0.003 0.004 0.004 0.015 
TRIP800 0.21 0.53 2.12 0.011 0.001 0.770 <0.001 0.036 <0.01 0.005 0.003 0.002 0.002 
DP1000 0.15 0.49 1.52 0.009 0.002 0.043 0.010 0.020 0.04 <0.001 <0.001 0.010 0.014 
M1200 0.12 0.21 1.71 0.008 0.001 0.039 0.010 0.030 0.04 0.01 0.01 0.010 0.014 
Table 3.1: Chemical compositions in weight-% of the investigated materials. 
The metallographic pictures are shown in Figure 3.1 for the five steel grades examined by 
light optical microscope with the magnification of 1000. Nital-etching was applied. The 
microstructures of all the five steels except M1200 consist soft ferrite phase together with a 
hard phase, which is either bainite or martensite, thus brings about the high strength. M1200 
consists in general pure martensite phase. The phase distributions of the five steels are also 
shown respectively in Figure 3.1. 
 
BS800 (30% ferrite and 70% bainite) 
 
DP800 (55% ferrite and 45% martensite) 
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TRIP800 (60% ferrite and 40% martensite) 
 
DP1000 (20% ferrite and 80% martensite) 
 
M1200 (almost pure martensite) 
Figure 3.1: Microstructure of the investigated materials with the magnification of 1000. 
3.1.2 Tensile test 
Tensile test (quasi-static tensile test) was performed at room temperature according to the 
standard DIN EN 10002-1 in order to determine the flow curves and mechanical properties 
such as yield strength, tensile strength, Young’s modulus, strain hardening coefficient and 
anisotropic values [DIN01]. The geometry of the specimen is shown in Table 3.2. The strain 
rate was set as 0.0025/s, which corresponded to a crosshead speed of 12mm/min. For the 
consideration of anisotropy, specimens were cut from three directions with regard to rolling 
directions: 0° (rolling direction), 45° (diagonal direction) and 90° (transverse direction). 
Due to the low attainable strain level because of necking in uniaxial tensile test, hydraulic 
bulge test should be also applied to determine the dependence of equivalent stress on 
equivalent strain up to considerable strain magnitude before facture. 
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a b L0 Lc Lt B h 
≤ 3 20 80 120 250 30 50 
Table 3.2: Geometry of tensile test specimen with dimensions in mm. 
3.1.3 Hydraulic bulge test 
Hydraulic bulge test was carried out with laser assisted on line measurement for the 
supplement of strain hardening description of tensile test. The circular sheet sample with the 
diameter of 160mm was clamped between the sheet holder and the forming die with the inner 
diameter of 100mm in the Erichsen® 145/60 universal sheet testing machine. The hydraulic 
driven punch underneath the oil moved up and the oil in the reservoir between the sample and 
the punch deforms the sample until fracture (Figure 3.2). A safety glass was used to protect 
the oil spray. The punch force was measured during the process continuously. The grid with 
the diameter of 2mm and neighbour spacing of 5mm was applied on the sample surface for 
the displacement measurement in x- and y-directions by a camera. For five sets of nine grid 
points each, a virtual grid points shall be calculated. The displacement of the 9 grid points 
delivered the resulting displacement of the virtual grid point as schematically illustrated in 
Figure 3.3. Two laser lines of two discrete laser wavelengths were projected onto the surface 
perpendicularly to each other. The reflection of each laser line was observed by a detector 
with corresponding laser wavelength filters to prevent interference. The laser line images 
were used to measure the absolute z-coordinate along the laser line and the curvature of the 
formed dome. The 3D geometry, the punch force and the synchronization were processed to 
the central computer, which realised the on line measurement. The equivalent stress-strain 
curve was obtained directly after the sample fracture. The strain in x-direction can be 
calculated in the following way: 
MN  OP)QOP!QO                                              Equation 3.1 
RN 	MN ∙ LSTUVW XOYOZ                                  Equation 3.2 
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[N  RW \OO(                                             Equation 3.3 
in which, ρx is the radius of the curvature of the dome, rx is the displacement of the virtual 
grid in x-direction, hx is the height of the dome, lx is the length of the curvature and ϕx is the 
strain in x-direction. The strain in y-direction is calculated in the same manner. 
The stresses in x- and y-directions are calculated based on the membrane theory as: 
N  ∙YO∙]!                                              Equation 3.4 
^  ∙Y_∙]! +2 − `-	aVbF	`  Y_YO                            Equation 3.5 
[c  −[N − [^                                       Equation 3.6 
respectively, in which p is the pressure of the oil, calculated as: 
J  de                                                   Equation 3.7 
with F as the punch force and A as the area of the cross section of the punch and t as the 
instant thickness of the sample. The equivalent stress and strain are then calculated according 
to certain hypothesis such as Hill48: [f	+g\\0h-  |[c| ∙ K                                   Equation 3.8 
f	+g\\0h-  N ∙ K                                      Equation 3.9 
with: 
K  i;! ∙ (),((∙,()(),(                                  Equation 3.10 
The natural anisotropy of the sheet can be therefore taken into consideration. When the r-
values are equal to 1, the hypothesis turns to von Mises (isotropic), where 
[f+	j- 	i!; +[N! + [!^ + [c!-                      Equation 3.11 
f+	j-D	kN! + !^ − N^                          Equation 3.12 
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1: drawing die 2: steel sheet 3: blank holder 4: oil 5: punch 
Figure 3.2: Schematic set-up of hydraulic bulge test. 
 
Figure 3.3: Virtual grids to measure the displacement in x- and y-directions. 
The hydraulic bulge test is especially favourable when ultra high strength steels are of interest, 
because it provides the information of strain hardening also at the strain level, which is not 
attainable in uniaxial tensile test due to the fact that on one side no necking is visible on the 
sample and on the other side contactless set up between the punch and the specimen with oil 
minimises the friction. Furthermore, the three dimensional stress and strain states of bulge test 
are more closed to the real drawing processes. The detailed description of the hydraulic bulge 
test with laser assisted on line measurement is referred to the work of Blumbach [Blu06]. 
3.1.4 Ultrasonic test to determine Young’s modulus 
When it comes to the characterisation of springback, Young’s modulus or elastic modulus 
plays an important role, which influences directly the amount of springback. The accurate 
determination of Young’s modulus involves more advanced method than tensile test, from 
which the Young’s modulus is calculated by the slope of the engineering stress-strain curve in 
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the elastic region. The ultrasonic pulser-receiver (Figure 3.4) was utilised, which worked with 
the principle of pulse-echo measurement. The thickness of the steel sheets was measured. A 
wave was generated by the pulser and caught by the receiver after transit through the material. 
The velocity of the sound wave was recorded in both through thickness direction and in plane 
direction. 
The Young’s modulus was then calculated with the help of the density as: 
  l;m0∗opP"mopP q ∗ M ∗ T!                               Equation 3.13 
in which, E is Young’s modulus, ct is the sound wave velocity in through thickness direction, 
ci is the sound wave velocity in in-plane direction and ρ is the density of the steel. The density 
was measured by a gas displacement pycnometer AccuPyc 1330. The Young’s modulus in 
rolling direction and transverse direction is calculated separately, which serves as the input 
parameter for the springback simulation. 
 
Figure 3.4: Ultrasonic pulser-receiver for Young’s modulus measurement. 
3.1.5 Cyclic tension/compression test 
Cyclic tension/compression tests were performed in the lab of Swerea KIMAB for DP1000 
and M1200 at room temperature by an MTS servo-hydraulic mechanical testing machine, 
which is equipped with a hydraulic grip to prevent sliding at the grips (Figure 3.5). This type 
of grip is essential due to that the small strain magnitude in cyclic tension/compression test 
can be significantly influenced by even small amount of sliding. The tests were run in total 
strain control in such a way that the specimen was first tensile (or compression) loaded to a 
certain predefined strain and unloaded to zero stress. Then it was loaded in the opposite 
direction, where it was strain controlled to a predefined compression (or tension) strain, after 
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which it was unloaded again but in the reverse direction as the previous unloading. When the 
stress reached 0, the specimen went through another section of tension (compression). The 
frequency of the test was constant 0.25Hz and the strain rate was set as 1/s. The specimen is 
cut transversely to rolling directions. The specimen geometry is shown in Figure 3.6. Two 
machined specimens were adhesive bonded together to generate a thicker test specimen with 
the thickness around 3mm dependent on different materials. A fixture was used for adhesive 
bonding. No specific anti-buckling device was applied in the current work, since the achieved 
strain level without buckling was already satisfying for the constant determination. 
 
Figure 3.5: MTS servo-hydraulic testing machine for cyclic tension-compression test. 
 
Figure 3.6: Geometry of the sample for cyclic tension/compression tests with the dimensions 
in mm. 
Before applying the adhesive (Loctite 480) the sheets were cleaned in acetone, rinsed in 
ethanol and left to dry. Specimens were cured in a fixture under pressure and in air for 24h or 
more before the cyclic tension-compression tests. The thickness of the adhesive bond was 
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estimated to 0.05mm. This was necessary in order to prevent buckling problems in the 
compressive phase of the loading cycles. For the both materials DP1000 and M1200, cyclic 
tests with ±1% and ±2% total engineering strain cycles were performed, while 0-4% 
asymmetric cycles were attempted additionally with the grade DP1000. 
The strain during testing was registered by an extensometer (Figure 3.7) which was mounted 
over the parallel length of the specimen waist. The gauge length of the extensometer 
measured 6 mm and the waist measured 7mm. The extensometer had a measuring range of 
±5%. 6 full cycles were attempted unless buckling happened, otherwise at least one full cycle 
should be achieved. The engineering stress-strain curves and the true stress-strain curves were 
achieved from the cyclic tension-compression tests, from which the isotropic model constants 
can be calculated. 
 
Figure 3.7: Hydraulic grips and extensometer set up for the for cyclic tension-compression 
test. 
3.1.6 FLC determination (Nakajima test) 
The determination of forming limit curve (FLC) by Nakajima test is essential as it defines the 
criterion for the material failure at different strain ratios. The test was performed according to 
the standard of DIN EN ISO 12004-2 [DIN09]. In Nakajima test waisted specimens of 
different widths are stretched over a hemispherical punch until fracture. The varied sample 
widths cause different stress and strain states. Each sample geometry provides a point in the 
forming limit diagram. The standard specimen geometries are shown in Figure 3.8. 
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Figure 3.8: Geometry of the sample for Nakajima test. 
In the current work Nakajima test was performed on universal sheet testing machine Erichsen 
145/40 with the punch diameter of 100mm. Five geometries of the sample were selected with 
the forming width of 20mm, 80mm, 100mm, 130mm and 190mm. The sheet holder force was 
set as 200kN and the punch velocity was 1.5mm/s. As lubricant between steel sheet and the 
punch a five component system made up of Teflon foil – oil – mipolam – oil – Teflon foil was 
used. The sample surfaces were drawn with 2mm quadrate grids by electro-chemical etching. 
The strain distribution was evaluated by Autogrid® during the deformation as well as after 
drawing. Three evaluation methods including visual method, position dependent method and 
time dependent method were applied to calculate the maximum major strain ϕ1 and minor 
strain ϕ2 to complete the forming limit curve. 
The visual method favours itself in such facts that it is on one hand achieved directly in the 
image prior to the image of necking and on the other hand it is frequently used for the 
comparison with simulation results, although necking is difficult to recognise and is strongly 
dependent on external conditions and the operator. 
The position dependent method is more preferred in practice, as it analyses the strain 
distribution on a series of the cross sections intersected with the crack line in the image, which 
shows macroscopic crack. Normally a parabola fit is applied to determine the maximal major 
and minor strains on the maximum of the parabola. The position dependent method is more 
reliable as compared to the visual method, which usually underestimates risk of cracking. 
Another method, which is currently under standardisation process, is the time-dependent 
evaluation method. The development of strains over a period of 20 pictures is observed before 
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the crack. Therefore the measurement of 20 images is necessary, which increases the amount 
of time greatly. With the help of an additional program it is now determined from what time 
the deformation shows a linear time dependence. This picture marks the transition to the 
necking and is used to calculate the strains. 
All of the three methods were adopted and compared in the current work. The forming limits 
were then dedicated into the finite element simulation to prescribe the criterion of material 
failure in various stress or strain states. 
3.2 Experimental set-up for the model verification 
3.2.1 Top hat drawing test 
The top hat drawing experiment, which is similar to the NUMISHEET’93 benchmark test was 
carried out to characterise the springback and to verify the predictability of the chosen models. 
The experiment was performed at room temperature with the universal sheet testing machine 
Erichsen 145/40. Figure 3.9 shows schematically the set-up for top hat drawing test. 
 
Figure 3.9: Schematic set-up of the top-hat drawing test with the positions before and after 
drawing. 
The samples for the top hat drawing test were cut in 90° to the rolling direction for all the five 
materials. The sample had a rectangular shape with the initial dimension of 120mm (length) × 
20mm (width) × thickness, as Figure 3.10 shows. 
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Figure 3.10: Schematic sample geometry for the top hat drawing test. 
Before the experiments, thin layer of engine oil was applied on both sides of the specimen and 
thin Teflon sheets were also adhered to both sides of specimen for lubrication. In order to 
study the influence of different forming parameters to springback, nine groups of experiments 
were carried out, thus the effects of punch radius, die radius, blank holder force and punch 
velocity were able to be analysed. Three parallel tests were performed for each combination 
of variables. The test matrix is shown in Table 3.3. 
Variables Punch radius Die radius Blank holder force Punch velocity 
Unit mm mm kN mm·min-1 
1 4 4 50 30 
2 4 4 50 20 
3 4 4 50 10 
4 4 4 40 30 
5 4 4 30 30 
6 4 6 50 30 
7 4 8 50 30 
8 6 4 50 30 
9 8 4 50 30 
Table 3.3: Test matrix for the top hat drawing test. 
The sensitivity study concerning the punch radius and the die radius was realised by the 
fabrication of punches and dies with different radius, as shown in Figure 3.11 for the punch. 
All the nine groups of in the test matrix were carried out for both DP1000 and M1200 steels. 
Only the test number 1 in Table 3.3 was performed experimentally for the other three steel 
sheets: BS800, DP800 and TRIP800 for the comparison between different steel grades. 
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Figure 3.11: Punch for top hat drawing test with different punch radii. 
The sample was placed between the blank holder and the die and the blank holder force was 
adjusted. Once the required blank holder force was reached, the punch moved up at a 
predefined speed. The deformation of blank happened after the punch contacted to the blank 
(Figure 3.12 a). As soon as 25mm of punch displacement was achieved, the pre-set stop 
condition was fulfilled and the punch stopped automatically (Figure 3.12 b). The blank holder 
force was then released and the punch moved back. The deformed blank was removed from 
the tools and would undergo springback. After fully homogenisation of the internal stress, the 
samples were photographically recorded and the angles at the punch corner and the die corner 
were measured in Autocad®. The springback was then characterised by the changes of the 
angles at the punch corner and the die corner. 
Although the process control and the springback measurement are easy in the top hat drawing, 
the estimation of the friction coefficient and the lack of the direct strip tension control make 
the test less favourable for the comparison with numerical simulation. Therefore, certain test 
with negligible friction and direct strip tension control should be applied. 
Rp=4 Rp=6 Rp=8 
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(a) Before forming (b) After forming 
Figure 3.12: The top hat drawing test (a) before and (b) after drawing. 
3.2.2 Bending under tension test 
The design and function of the bending under tension (BUT) machine is schematically 
illustrated in Figure 3.13. The tests were performed in the lab of Swerea KIMAB. The strip 
was delivered as a coil (1) which is fed automatically into the machine and successively cut 
off by the strip cutter (6). In the present work the test material was provided as strips of 
1250mm length and 50 mm width which were loaded by hand. The strip was placed under the 
tool cylinder (4), fed into the brake force grip (3), manually bent around the cylindrical tool 
and fed into the hydraulic pulling force grip (5). A constant brake force was applied at 
position (2) and the strip was pulled 215mm with a speed of 100mm/s over the tool by the 
pulling force grip. The pulling force was measured at position (6). All the strips were 
lubricated with a drawing oil (Quakerdraw 250L) to minimise the effect of friction and avoid 
damage by galling on the tools. The brake force was increased in steps, typically from 50% of 
the yield point up to 120% of the yield load or until strip failure. 
The maximum clamping forces for pulling (5 in Figure 3.13) and braking (3 in Figure 3.13) 
are designed as 490kN and 230kN respectively, which make it capable to test metal sheets 
with the yield strength up to 1500MPa and thickness up to 2mm. 
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Figure 3.13: Schematic set-up of the bending under tension test with 1: steel coil, 2: guiding 
cylinder, 3: brake force grip, 4: tool cylinder, 5: pulling force grip and 6: strip cutter. 
The tool cylinder can be chosen with different radii to simulate situations with different die or 
punch radii (Figure 3.14). The cylindrical tool can either be fixed or rotating freely with the 
aid of roller bearings, which connect the cylinder to the machine frame. In a real situation in a 
forming tool the friction will take a finite value but for the present purpose it is favourable to 
have negligible friction with a freely rotating cylindrical tool. It is still true that a slight 
relative motion will occur between the strip and the rotating cylinder surface but this friction 
effect is significantly smaller than the friction over a fixed tool. This means that simulations 
of the BUT forming process can be made without any assumptions of the friction model. It 
also indicates that only materials parameters and the specified process parameters of the test 
will influence the result. 
Figure 3.14: The strip bent over the tool cylinder. 
Schematic view of the BUT-galling test equipment. (The
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When friction is a matter of concern, the BUT test is divided into two steps. In the first step, 
the cylindrical tool is allowed to rotate on roller bearings to avoid any sliding contact with the 
strip and the test runs without friction. The forces recorded during this run corresponds to the 
amount of energy required to bend the strip and bend it back again, and the FBUB, bending 
unbending force is recorded. In the second run the cylinder is fixed and the strip slides over 
the tool surface with friction. The extra work required compared with the rotating case is the 
friction work and friction coefficient µ is calculated according to the equation below, where t 
is the strip thickness and θ is the bending angle in radians. 

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Equation 3.14 
The test results in this work were based on trials with cylindrical tools with radii of 6 and 10 
mm, as shown in Figure 3.15. These are typical die radii for the present material and sheet 
thickness, which is around 1.5mm. Two cases were tested with fixed cylinder and with freely 
rotating cylinder, separately. 
 
Figure 3.15: Tool cylinders with different radii. 
At the end of the test, the deformed strip was taken out of the grips immediately to remove all 
the external loading and springback of the sample took place. A curved strip was achieved 
after springback and the shape of the sample was photographed. The strips were digitalised 
and the coordinates of the curved strips were recorded in MATLAB. After all the average 
curvature radius of the strips, which represented the springback, were measured. 
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4 Results 
4.1 Experimental results for materials characterisation 
4.1.1 Tensile test 
The most important mechanical properties including yield strength Rp0.2, tensile strength Rm, 
uniform elongation Au and total elongation A80, Young’s modulus E, anisotropy value r and 
strain hardening coefficient n, that were evaluated by tensile test are listed in Table 4.1. Each 
value was calculated as the average of three parallel tests.  
The three steel grades BS800, DP1000 and M1200 all show the yield strength higher than 
700MPa and tensile strength higher than 800MPa, which satisfy the designation and definition 
of ultra high strength steel. The uniform elongation of the three steel grades is less than 10%. 
For the strongest martensite steel M1200 the uniform elongation is even below 2%. The low 
formability could bring about difficulties for further mechanical characterisation. The other 
two grades DP800 and TRIP800 can be classified as high strength steels due to that the yield 
strength is lower than 550MPa. As a result of the TRIP (transformation induced plasticity) 
effects during the strain hardening of TRIP800 steel and the higher content of ferrite of 
DP800, the uniform elongation as well as the total elongation are considerably higher than 
those of the UHSS grades. This TRIP effect also explains the higher strain hardening 
coefficients, which are only around 0.1 for the three UHSS. 
The flow curves (true stress-strain curves) and the engineering stress-strain curves are shown 
in Figure 4.1 and Figure 4.2, respectively. The Young’s modulus or elastic modulus, which 
is an essential parameter in the field of springback simulation, was estimated by the slope of 
the engineering stress-strain curve in the linear elastic region. It should be noticed that the 
directional dependence of Young’s modulus takes effect for the current steel grades. The 
difference between the modulus in different directions could be as high as 24% for TRIP800, 
for example. As for a few tests large scattering of Young’s modulus was recognised between 
parallel tests, which brings about applying other methods to determine Young’s modulus. 
It is worth pointing out that the area below the true stress-strain curve represents the energy 
absorbability during deformation before the material fails. The TRIP800 steel grade therefore 
shows significant crashworthiness when it comes to the topic of automotive steel thanks to its 
high strength and the distinguished uniform elongation. 
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Material Direction 
Rp0.2 Rm Au A80 E r n 
MPa MPa % % GPa - - 
BS800 
0° 748 834 8.13 10.93 215 0.51 0.11 
45° 727 795 8.30 13.33 204 1.45 0.10 
90° 770 853 7.93 8.53 243 0.65 0.11 
DP800 
0° 490 823 13.03 18.17 202 0.78 0.17 
45° 492 819 13.87 19.17 217 0.96 0.18 
90° 501 831 13.33 18.97 224 0.77 0.17 
TRIP800 
0° 507 805 21.60 22.00 211 0.78 0.22 
45° 536 821 21.93 22.67 222 0.86 0.21 
90° 526 831 24.03 26.43 179* 0.93 0.21 
DP1000 
0° 777 1053 5.33 7.43 220 0.64 0.09 
45° 790 1063 5.83 8.87 190* 1.22 0.09 
90° 753 1054 5.43 7.60 209 1.08 0.09 
M1200 
0° 1205 1313 1.67 2.20 187* 0.47 0.08 
45° 1239 1335 1.53 2.50 228 1.23 0.09 
90° 1282 1369 1.13 1.47 218 0.85 0.07 
Table 4.1: Mechanical properties determined by tensile test (*: large scattering of parallel 
tests). 
 
Figure 4.1: True stress-strain curves of five investigated materials in transverse direction. 
M1200 
DP1000 
BS800 DP800 
TRIP800 
4.Results 
 
66 
 
 
Figure 4.2: Engineering stress-strain curves of five investigated materials in transverse 
direction. 
4.1.2 Hydraulic bulge test 
The equivalent stress-strain curves were determined from hydraulic bulge test according to 
the isotropic yield hypothesis of von Mises as well as the anisotropic yield hypothesis of 
Hill48. As shown in Figure 4.3 for BS800, the maximal strain by bulge test is more than 5 
time greater than that of tensile test in transverse direction. The equivalent stress-strain curve 
of bulge test calculated by von Mises hypothesis correlates better with the true stress-strain 
curve of tensile test in transverse direction than that by the Hill48 hypothesis. For the other 
four materials: DP800 (Figure 4.4), TRIP800 (Figure 4.5), DP1000 (Figure 4.6) and M1200 
(Figure 4.7) the true stress-strain curves correlate, however, better with the bulge test 
equivalent stress-strain curves, that are evaluated by the Hill48 hypothesis. For the M1200 
steel the total strain at fracture of bulge test is around 15 times higher that of the tensile test, 
as shown in Figure 4.7. This is a significant supplement of the strain hardening data of tensile 
test, as it provides the stress-strain dependence on one side on the strain levels that are not 
achievable in uniaxial tensile test and on the other side on the similar loading conditions with 
deep drawing processes, although it is worth mentioning that on the small strain ranges, bulge 
test is not as reliable as tensile test, since the low curvature of the formed dome could bring 
large measurement errors of the radius and the resulting stress and strain. Therefore it is 
beneficial to combine the tensile test data and the bulge test data at higher strains. 
M1200 
DP1000 
BS800 DP800 
TRIP800 
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Figure 4.3: Equivalent stress-strain curves of BS800 by bulge test according to the hypothesis 
of von Mises and Hill48. 
 
Figure 4.4: Equivalent stress-strain curves of DP800 by bulge test according to the 
hypothesis of von Mises and Hill48. 
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Figure 4.5: Equivalent stress-strain curves of TRIP800 by bulge test according to the 
hypothesis of von Mises and Hill48. 
 
Figure 4.6: Equivalent stress-strain curves of DP1000 by bulge test according to the 
hypothesis of von Mises and Hill48. 
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Figure 4.7: Equivalent stress-strain curves of M1200 by bulge test according to the 
hypothesis of von Mises and Hill48. 
4.1.3 Young’s modulus 
The Young’s modulus evaluated by tensile test and ultrasonic methods are listed in Table 4.2. 
A difference between the values in rolling direction and transverse direction is recognised. 
Among the values from tensile test, the difference of the modulus in the two directions could 
be as great as more than 30GPa, as for M1200 grade, while this difference is much smaller 
with the ultrasonic method. A more intuitive comparison of the two methods is shown in 
Figure 4.8 with the standard deviation, which demonstrates that the scattering of the values 
from tensile test with three parallel tests is much greater than those from ultrasonic method 
with four parallel tests. The values obtained from ultrasonic method will be adopted in the 
following numerical simulation. 
Direction Method BS800 DP800 TRIP800 DP1000 M1200 
RD 
US 218 215 219 211 212 
TT 215 202 211 220 187 
TD 
US 204 211 205 201 208 
TT 243 224 179* 209 218 
Table 4.2: Young’s modulus in GPa determined by ultrasonic (US) and tensile test (TT) in 
rolling direction and transverse direction (TD) (* large scattering of three parallel tests). 
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Figure 4.8: Comparison of Young’s modulus between the two methods: tensile test and 
ultrasonic. 
4.1.4 Cyclic tension compression test 
The engineering stress-strain curves are obtained from the strain controlled cyclic tension 
compression test. According to Zhao et al. [Zha01b] the generation of cyclic stress-strain 
curves of sheet metal must fulfil five basic requirements related to the hardening behaviours 
under cyclic loading, which include: 
1. correct non-linearity of the stress-strain loop 
2. Bauschinger effect 
3. plastic shakedown 
4. relaxation of mean stress 
5. ratchetting effect 
Bauschinger effect is defined as the decrease of the yield strength upon reverse loading with 
plastic deformation in the initial loading phase, as described already in Chapter 2.2.1. Plastic 
shakedown is characteristic of symmetric stress- or strain-controlled experiments. Soft or 
annealed metals tend to harden toward a stable limit, and initially hardened metals tend to 
soften. Relaxation of mean stress is characteristic of an unsymmetrical strain experiment, 
during which the mean stress tends to zero as the number of cycles increases. Unsymmetrical 
cycles of stress between prescribed limits will cause progressive “creep” or “ratchetting” in 
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the direction of the mean stress [Zha01b, Aba10]. The reliability or quality of the cyclic test 
set up should be examined by the five principles except ratchetting effect, which is not of 
interest for the topic of springback. In Figure 4.9 and Figure 4.10 engineering stress-strain 
curves of the DP1000 material with the ±1% and ±2% strain cycles are shown. Figure 4.11 
and Figure 4.12 illustrate the engineering stress-strain curves of M1200 with the same strain 
amplitudes with those of DP1000. 6 full cycles were performed for each test. From all the 
four curves a non-linearity is observed. Bauschinger effect is also present as can be seen from 
the curves that when the stress turns to minus, where compression loading happens, an early 
yielding is recognised with respect to the yield strength during the precious tensile loading. If 
a detailed look is taken on the up right corner of the curves, where the loading condition is 
altered from tensile loading to unloading, the plastic shakedown effect is noticeable for 
DP1000 with the characteristics that the turning point of the first cycle stands the lowest in the 
diagram, or specifically that the first cycle generates the lowest stress (more clearly 
recognisable in Figure 4.13 with only the first and the last cycles). The following cycles give 
higher and higher stresses at this corner until a stable value is achieved after certain cycles. 
This effect is not found with the M1200 material, for which a softening effect indeed takes 
place at the corner (Figure 4.14). The relaxation effect is proved by the asymmetric strain 
controlled loops as shown in Figure 4.15 for DP1000 grade with the 0-4% strain cycles. 
Again when attention is paid at the corner, around which the loading changes from tensile to 
unloading, a decrease of stress at this point is realised step by step with the number of cycle 
increasing. Therefore, in general the cyclic tension-compression test in the current work is 
capable to describe the strain hardening behaviour although with the exceptions of the plastic 
shakedown of M1200 material. 
The stress-strain data collected from the cyclic tension-compression test can be then used to 
reversely calibrate the parameters of the isotropic component of the model. 
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Figure 4.9: Engineering stress-strain curve of the DP1000 material with the ±1% strain cycles. 
 
Figure 4.10: Engineering stress-strain curve of the DP1000 material with the ±2% strain 
cycles. 
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Figure 4.11: Engineering stress-strain curve of the M1200 material with the ±1% strain 
cycles. 
 
Figure 4.12: Engineering stress-strain curve of the M1200 material with the ±2% strain 
cycles. 
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Figure 4.13: Engineering stress-strain curve of the DP1000 material with the ±2% strain 
cycles (first and last cycles). 
 
Figure 4.14: Engineering stress-strain curve of the M1200 material with the ±2% strain 
cycles (first and last cycles). 
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Figure 4.15: Engineering stress-strain curve of the DP1000 material with the 0-4% strain 
cycles. 
4.1.5 Nakajima test 
In Figure 4.16 the forming limit curves determined by Nakajima test with three evaluation 
approaches including visual method, time dependent method and position dependent method. 
In the diagram the solid symbols represent the individual test of each sample geometry and 
the hollow symbols stand for the average values calculated from the three parallel tests. The 
three straight lines with ε1 = ε2, ε2 = 0 and ε1 = -2ε2 define the ideal strain ratios of equi-biaxial 
deep drawing, plain strain and tensile test conditions, respectively. The forming limit curve 
evaluated by the visual method generates the highest curve, although the one determined by 
the position dependent method is only a bit lower, which indicates that the visual method 
overestimates the strains of the materials failure or in other words underestimates the risk of 
failure with respect to the position dependent method, particularly. 
In Figure 4.17 the forming limit curves of the five investigated materials based on the 
position dependent method are compared with each other. Similarly to the comparison of the 
total elongation in the tensile test, in general the higher the strength, the lower the forming 
limit curve. Due to the TRIP effect during deformation, TRIP800 show relatively high 
forming limit curves, although the tensile strength is quite closed to that of BS800. The 
determined forming limits are then used as input in the numerical simulation. 
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Figure 4.16: Forming limit curves of the DP1000 by Nakajima test with three evaluation 
methods. 
 
Figure 4.17: Forming limit curves of the five materials in the current work by Nakajima test 
with the position dependent method; the scatter bars represent the standard deviations of three 
parallel tests. 
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4.2 Experimental results for model verification 
4.2.1 Top hat drawing test 
After the top hat drawing a U-shape part was formed with both angles of 90° around the 
punch corner and the die corner and then released from the tools after which all the external 
loadings were removed and springback took place. The angles around the punch corner and 
the die corner were measured and the difference of the angles from the rectangle was recorded 
as the amount of springback (Figure 4.18). The angles around the die corner and the punch 
corner after springback are shown in Figure 4.19 schematically with the central line through 
thickness of the deformed sample after springback. As can be seen from the final geometry 
the deep drawn parts, clear springback is visible especially from the angle around the punch 
corner. Due to the small displacement of the current top hat drawing side wall curl is not 
pronounced, hence only the two angles, namely angle α around the die corner and β around 
punch corner are examined here (Figure 4.20). Regarding the test matrix in Table 3.3 all the 
nine groups with different combination of the process or tool parameters were performed for 
the DP1000 and M1200 materials. Only the group number 1 was applied for the other three 
materials BS800, DP800 and TRIP800 for the sake of comparison between different steel 
grades. Figure 4.18 shows the comparison of the final part geometries after springback with 
parameters in group 1 as an instance. 
 
Figure 4.18: Part geometry after removal from the tools of top hat drawing test. 
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Figure 4.19: Schematic illustration of angles around die corner (α) and punch corner (β) after 
springback with the dashed lines representing the shape of the part before removing from the 
tool. 
 
Figure 4.20: Angle measurement by AutoCAD. 
In Table 4.3 the springback angles around the die corner (∆α) and punch corner (∆β) with 
both punch and die radii of 4mm, blank holder force of 50kN and punch velocity of 
30mm/min are listed for all the 5 steel grades. The angle is calculated as the average of the 
three parallel tests, where each is evaluated as the average of angles on the two symmetric 
sides (Figure 4.20). The change of the angle before and after springback around the die corner 
is not as pronounced as that around the punch corner, although it has to be pointed out that the 
change of the angle around die corner has the sign of minus. For simplicity and convenience 
the springback angle ∆β will be mainly compared with the result of numerical simulation to 
reduce the error caused by angle measurement.  
Material BS800 DP800 TRIP800 DP1000 M1200 
∆α 2.6 3.5 4.0 4.6 4.9 
∆β 8.2 8.6 8.2 12.4 15.1 
Table 4.3: Springback angles in ° around the die corner (∆α) and punch corner (∆β) for all the 
five materials with tooling and process parameters of group 1. 
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Variables Punch radius Die radius Blank holder force Punch velocity ∆α ∆β 
Unit mm mm kN mm·min-1 ∆α ∆β 
1 4 4 50 30 4.6 12.4 
2 4 4 50 20 4.1 10.9 
3 4 4 50 10 4.2 11.7 
4 4 4 40 30 3.6 13.5 
5 4 4 30 30 3.2 13.1 
6 4 6 50 30 2.8 16.9 
7 4 8 50 30 1.9 19.7 
8 6 4 50 30 3.0 16.8 
9 8 4 50 30 3.4 19.2 
Table 4.4: Springback angles in ° around the die corner (∆α) and punch corner (∆β) for 
DP1000 with different combination of tooling and processing parameters. 
Variables Punch radius Die radius Blank holder force Punch velocity ∆α ∆β 
Unit mm mm kN mm·min-1 ° ° 
1 4 4 50 30 4.9 15.1 
2 4 4 50 20 4.2 15.8 
3 4 4 50 10 4.4 15.7 
4 4 4 40 30 3.6 15.8 
5 4 4 30 30 3.4 16.5 
6 4 6 50 30 2.9 16.8 
7 4 8 50 30 0.8 19.7 
8 6 4 50 30 3.8 17.0 
9 8 4 50 30 2.3 19.0 
Table 4.5: Springback angles in ° around the die corner (∆α) and punch corner (∆β) for 
M1200 with different combination of tooling and processing parameters. 
From Table 4.3 it can be seen that the BS800, DP800 and TRIP800 materials deliver almost 
the same amount of springback, especially with consideration of the angle ∆β, and the 
stronger materials DP1000 and M1200 give larger springback angles. Therefore, conclusion 
can be drawn that the higher tensile strength, the higher the springback amount, when the 
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material thickness, Young’s modulus and other tooling and processing parameters are almost 
the same. 
The two UHSS DP1000 and M1200 are investigated for the sensitivity study. With 9 groups 
of combinations of different parameters, the springback angles ∆α and ∆β are measured and 
listed in Table 4.4 for DP1000 and Table 4.5 for M1200. The influence of the four 
parameters including punch radius, die radius, blank holder force and punch velocity will be 
graphed, analysed and explained in the next chapter. The same forming and springback will 
also be simulated with ABAQUS and resulted springback angles will be compared to examine 
the predictability of the hardening models. 
4.2.2 Bending under tension test 
After the strip was drawn up with the pre-set displacement of 215mm it was taken out of the 
tools and springback appeared, with the feature that a curvature of the strip was formed, 
whose radius depended on the material properties such as tensile strength or Young’s modulus, 
on tooling parameters such as the radius of the roller and on processing parameters such as the 
brake force. Such curved strips are shown in Figure 4.21 with 8 different brake forces for 
M1200, which increase for the strips from right to left, while the other parameters are kept the 
same. 
The resulted curved strips were photographed by camera 5 meters higher to reduce the 
parallax error and then digitalised in MATLAB, where the curvature of the strip was analysed 
over the whole strip. The coordinates of the outer edge of the strips were marked manually 
every 5-10mm, with closer distance where there was a shift in the radius. The MATLAB 
routine calculates the radius using five points at a time, moving one point away from the roller 
in each step. One example is shown in Figure 4.22 for M1200, and then the curvature of the 
each marked point on the strip can be evaluated. It is demonstrated that the section of the strip 
that has passed around the radius possessed almost constant radius of the curvature and the 
part above this was still almost straight, although elongated. Such curvature evaluation is 
illustrated in Figure 4.23. A constant level of the curvature is obtained between the distances 
of 50mm to 215mm from the tool, which is averaged as 109.4mm. This section was bent 
around the roller and then stretched to straight and went through springback after removal 
from the tool. 
A series of tests were performed with various sets of parameters for all the five materials, as 
listed in Table A.1, Table A.2, Table A.3, Table A.4, and Table A.5 in Appendix for BS800, 
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DP800, TRIP800, DP1000 and M1200, respectively. The effects of different parameters 
(brake force, friction, and roller radius) will be studied and analysed in the next chapter. A 
few of the tests for M1200 material will be simulated with ABAQUS code to compare with 
the experiments. 
 
Figure 4.21: Deformed M1200 strips after springback in bending under tension test with 
different brake force. 
 
Figure 4.22: Digitalisation of the curved strip after springback of BUT for the material 
M1200. 
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Figure 4.23: Curvature distribution along the strip for M1200 after springback in BUT. 
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5 Discussion 
5.1 Identification of the model parameters 
When the description of strain hardening with springback phenomena is of interest, where 
there is always the change of the loading directions involved, the combined types of models 
with both isotropic and kinematic hardening components are always favoured. There have 
been a few such kinds of models as summarised in Chapter 2.2.2. The Lemaitre-Chaboche 
type of non-linear isotropic-kinematic model is applied here in this work, due to the reasons 
that on one side it is in most cases sufficiently accurate to describe the strain hardening of 
forming and springback processes and on the other side it is well implemented in the 
commercial FEM software [Aba10 and Hal06]. 
The yield surface is described by the function: 
H+ − r-   																																																	Equation 5.1 
where f (σ-α) is the equivalent Mises stress or Hill’s potential with respect to the back stress 
or “kinematic shift” , and σ0 is the size of the yield surface and α is the so-called back stress.  
According to the Lemaitre-Chaboche model the size of the yield surface σ0 is defined as the 
function of equivalent plastic strain εpl: 
 	| + st+1 − umvwx-                                Equation 5.2 
where σ|0 is the size of yield surface at 0 plastic strain, i.e. yield strength. Q∞ and b are 
parameters, which are needed to be calibrated from the cyclic test as in Chapter 4.1.4. Q∞ 
defines the maximum change of size of the yield surface and b determines the rate at which 
the yield surface expands or contracts, depending on the sign of Q∞. 
The back stress α, which is essential to illustrate the movement of the centre of the yield 
surface, is defined in the Lemaitre-Chaboche model, the segment of which is expressed as: 
ryz  {z|y\ ∙ "( + − r- − }zrz|y\                          Equation 5.3 
This equation is the basic Ziegler law, generalized to account for temperature and field-
variable dependency of Ck and to which a “recall” term, }zrz|y\, has been added. The recall 
term introduces nonlinearity in the evolution law. 
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The overall back stress is the sum of back stresses on different strain ranges: 
r  ∑ rzzD"                                           Equation 5.4 
Ck and γk are constants, which are evaluated in the monotonic strain hardening tests, including 
uniaxial tensile test and hydraulic bulge test in the current research. Two components of the 
back stresses are applied, which describes the typical small strain range as in the uniaxial 
tensile test and the large strain levels as in the hydraulic bulge test. 
The one dimensional representation of the Lemaitre-Chaboche model is shown in Figure 5.1. 
In such a way both the size change of the yield surface defined by Q∞ and b and the transition 
of the yield surface centre defined by different groups of Ck and γk can be taken in to 
consideration. αs stands for the magnitude of back stress at saturation. 
 
Figure 5.1: One-dimensional representation of the nonlinear model [Aba10]. 
Abaqus offers a few different ways to determine the constants of Lemaitre-Chaboche model 
[Aba10]. The constants of kinematic model Ck and γk can be calibrated from the stress-stain 
data of uniaxial tensile test together with hydraulic bulge test, which makes significant 
supplement of strain hardening description especially at high strain range. For each plastic 
stress-strain data point (σi, |\) a value of αi (αi is the overall back stress obtained by summing 
all the back stresses at this data point) is obtained from the test data as: 
r 	 −                                               Equation 5.5 
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where 	  is the plastic stress and   is the user-defined size of the yield surface at the 
corresponding plastic strain for the isotropic hardening component. Integration of the back 
stress evolution laws (Equation 5.3) yields the expressions: 
rz  ~ +1 − umwx-                                      Equation 5.6 
which is used to calibrate constants Ck and γk. For multiple back stresses Abaqus obtains 
hardening parameters for different values of initial guesses and chooses the ones that give the 
best correlation with the experimental data provided. The determined Ck and γk with k=1 and 
2 are listed for DP1000 and M1200 in Table 5.1. The constants with k=1 describe the back 
stress at the initial yielding, while the constants with k=2 illustrate the slow development of 
the back stress, which is almost linear at the high strain level. 
The parameters for isotropic hardening can be specified with the help the symmetric strain 
controlled cyclic tension-compression test within the strain range of ∆ε. The size of the yield 
surface, σ0, as a tabular function of the equivalent plastic strain, |̅\ can be used to define the 
isotropic hardening component. The equivalent stress defining the size of the yield surface is |  at zero equivalent plastic strain; for the peak tensile stress points it is obtained by isolating 
the kinematic component αi from the yield stress (Figure 5.2) as 
   − r                                                 Equation 5.7 
in which r  + + -/2  with   and   as the peak tensile stress point and peak 
compression point at each cycle, respectively, as in Figure 5.2. Since the model predicts 
approximately the same back stress value in each cycle at a particular strain level, r  +" +!-/2. The equivalent plastic strain corresponding to  	is  
|\  "! +4V − 3-∆|\                                          Equation 5.8 
with ∆|\  ∆| − !  and i = number of cycle. Data pairs ( , |\), including the value |  at 
zero equivalent plastic strain, are specified in tabulated form. 
5.Discussion 
 
86 
 
 
Figure 5.2: Stress-strain curves of symmetric strain controlled cyclic tension-compression 
test. 
Material σ|0 E-modulus C1 γ1 C2 γ2 
- MPa GPa GPa - GPa - 
DP1000 753 201 77 120 1.2 4 
M1200 1282 208 88 150 1.2 5 
Table 5.1: Determined Ck and γk values by ABAQUS with k=1 and k=2. 
As can be seen from Figure 5.3 and Figure 5.4, for both materials DP1000 and M1200 a 
good agreement is achieved between the experimental and simulated stress-strain curves for 
the strain controlled cyclic test within the strain range of ±2%. The behaviours of yielding and 
subsequent cyclic hardening are both well captured with the Lemaitre-Chaboche model. 
Figure 5.5 and Figure 5.6 show the correlation between the simulated monotonic stress-strain 
curves based on Lemaitre-Chaboche model and the experimentally determined stress-strain 
curves by uniaxial tensile test in transverse directions and hydraulic bulge test for DP1000 
and M1200, respectively. The model predicts the monotonous strain hardening with 
satisfactory, although a more precise prediction must be achieved with more sophisticated 
yield functions. 
If the stress-strain curves determined by cyclic tension-compression are differentiated by 
strain, the instant modulus is achieved. The curves in Figure 5.7 and Figure 5.8 are derived 
from the symmetric cyclic stress strain curves of Figure 4.10 and Figure 4.12 for DP1000 and 
M1200, respectively. The maximum points in the diagram indicate the modulus with a small 
plateau. It can be seen that the modulus is reduced during unloading when it is compared to 
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the first yielding in tensile loading. Afterwards when the sample is reloaded in tension a 
similar modulus is recognised although it is enhanced with small amount. In a situation with 
bending, unbending and subsequent unloading which is typical to a sheet forming operation it 
is really the case (left hand modulus) which is most relevant for the final and quite critical 
unloading from the springback point of view. For these two materials this modulus takes 
values very closed to the value of the initial E-modulus. For this reason in the present FE 
simulations the virgin E-modulus is applied throughout the simulations, due to the fact that 
the Lemaitre-Chaboche model cannot take change of the Young’s modulus into account. 
 
 
Figure 5.3: Comparison between the strain controlled stress-strain curves from experiment 
and simulation for DP1000. 
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Figure 5.4: Comparison between the strain controlled stress-strain curves from experiment 
and simulation for M1200. 
 
Figure 5.5: Comparison between the simulated monotonous hardening and the tensile-bulge 
test curves for DP1000. 
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Figure 5.6: Comparison between the simulated monotonous hardening and the tensile-bulge 
test curves for M1200. 
 
Figure 5.7: Instant modulus of the cyclic stress-strain curve with ±2% strain range of DP1000. 
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Figure 5.8: Instant modulus of the cyclic stress-strain curve with ±2% strain range of M1200. 
5.2 Sensitivity study of top hat drawing test and simulation 
5.2.1 Sensitivity study of the top hat drawing experiments 
In order to study the influence of different tooling or processing parameters on the amount of 
springback the springback angles around the die corner ∆α and punch corner ∆β (listed in 
Table 4.4 and Table 4.5), which are defined as the difference between the angles around the 
die corner and punch corner before and after springback, are plotted with regard to the 
processing parameters of punch speed and blank holder force and to the tooling parameters of 
punch radius and die radius. 
The dependence of the springback angles on the punch speed which varies with 30, 40 and 
50mm/min is shown in Figure 5.9 and Figure 5.13 for DP1000 and M1200, respectively. As 
can be seen the effect of speed on springback is negligible, at least within the range between 
30 and 50mm/min as in the current project. This phenomenon is also found by Lee et al. 
[Lee05a]. 
The springback angles are found to be a function of the blank holder force, too, as shown in 
Figure 5.10 for DP1000 and Figure 5.14 for M1200. It can be seen from the curves that with 
the increasing blank holder force (30-40-50kN), the springback angle ∆β around the 
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punchcorner decreases, which means that increasing the blank holder force has the effect of 
suppressing springback. This is due to the fact that increasing the blank holder force will 
pronounce the stretching in the blank, which will extend the region of plastic deformation to 
be more uniform and the presence of the homogeneous plastic deformation will tend to reduce 
the springback. This can be also explained by the moment-curvature relationship. The 
bending moment required to achieve a given curvature decreases with increasing tension. 
Hence, in higher blank holder force condition where the corresponding tension is high, the 
springback amount after elastic unloading is reduced. The springback angle around the die 
corner ∆α shows the opposite dependency on the blank holder force, however it must be 
noticed that the sign of the springback angle ∆α is minus and the absolute values are shown 
here in the diagram, which agrees with the conclusion by Kim et al. [Kim08]. The reduction 
of springback by increasing blank holder force and the resulted increased strip tension is 
applied widely in industrial practice, although the method can be only used to limited blank 
holder force because the strip has otherwise a good possibility to fracture. 
In Figure 5.11 and Figure 5.15 the springback angles for DP1000 and M1200 are plotted 
with three different punch radii of 4mm, 6mm and 10mm, respectively. The springback angle 
around the punch corner ∆β increases with the increasing punch radius, i.e. increasing the 
punch corner radius can increase the springback. The springback angle ∆α shows the same 
behavior as explained already for the different blank holder forces. This can be explained by 
the fact when the punch corner radius increases, the deformation area where the punch and the 
blank contacts, i.e. the punch corner region, also increases. The required force to bend the 
blank over the larger corner, however, will decrease. The plastic strain will become less 
homogeneous throughout the thickness as the plastic deformation area increases and the force 
decreases. As a result, springback will increase as punch corner radius increases. 
The different springback angles ∆α and ∆β dependent on the various die radii are plotted in 
Figure 5.12 and Figure 5.16, respectively. Very similar dependency is found out as for that 
of the punch radius. The amount of springback also increases with the increasing die corner 
radius. Springback is in general the result of inhomogeneous residual stress distribution. The 
deformation area where the die and the blank contacts increases when die corner radius 
increases, and the force which is required to bend the blank over the larger die corner 
decreases. As a result, the residual stress distribution after the removal of the tools will 
become less homogeneous throughout the thickness as the plastic deformation area increases 
and the forming force decreases, which leads to increasing springback. 
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With all the information collected based on the springback amount with different processing 
or tooling variables, a combination of the different parameters is always probable which 
yields the smallest amount of springback, therefore the sensitivity study could serve as the 
guide to reduce springback itself. 
 
Figure 5.9: Influence of punch speed on the springback angles in top hat drawing of DP1000. 
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Figure 5.10: Influence of blank holder force on the springback angles in top hat drawing of 
DP1000. 
 
Figure 5.11: Influence of punch radius on the springback angles in top hat drawing of 
DP1000. 
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Figure 5.12: Influence of die radius on the springback angles in top hat drawing of DP1000. 
 
Figure 5.13: Influence of punch speed on the springback angles in top hat drawing of M1200. 
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Figure 5.14: Influence of blank holder force on the springback angles in top hat drawing of 
M1200. 
 
Figure 5.15: Influence of punch radius on the springback angles in top hat drawing of M1200. 
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Figure 5.16: Influence of die radius on the springback angles in top hat drawing of M1200. 
5.2.2 Numerical simulation of the top-hat drawing test 
The finite element model for top hat drawing was constructed in ABAQUS/Standard (implicit) 
and ABAQUS/Explicit version 6.11. The main aim of the numerical simulation was to verify 
the predictability of the investigated Lemaitre-Chaboche model, whose constants were 
calibrated in Chapter 5.1. The explicit code was used for draw/bending process and the 
implicit code was used for springback. As the ratio of the blank width w to thickness t (w/t) 
was about 13, the strain along the width of the work piece was negligible and thus the finite 
element analysis can be simplified to a 2D plane strain problem to save the calculation time. 
Figure 5.18 shows the set-up of the FEA model of 2D top hat drawing test. The model was 
composed of the die, blank holder, punch and the steel blank. The tools (punch, die and blank 
holder) were modelled as rigid analytical surfaces. The size of the tools and the blank were 
modelled as the actual geometry in the top hat drawing experiment. 
The blank was meshed with 4-node shell elements with reduced integration (S4R in 
ABAQUS). A mesh size of 1mm × 1mm (length × width) and five integration points through 
the thickness were determined as optimum values through a series of convergence tests. 
During the forming operation, it was possible to artificially increase the speed of the punch 
movement because the inertial effects were small and the analysis was essentially kinematical 
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constrained. As the computational time for the simulation with dynamic explicit code is 
proportional to the time period of the experiments, while the stable time increment size is 
related to the mesh size and the material density, it is a common practice to run the simulation 
at a forming speed much higher than the real to save computational time [Lee05a]. In the 
simulation, the forming speed was 100 times accelerated, and still stayed at a low level which 
wouldn’t introduce the inertial effect. The forming time was defined as the punch travelled 
25mm as in the actual top hat drawing experiment. 
Seven groups of the top hat drawing simulation were performed for both DP1000 and M1200 
according to Table 5.2. All the seven groups were simulated for DP1000 with isotropic, 
kinematic, Lemaitre-Chaboche type isotropic-kinematic model for the purpose to compare the 
predictability of different kinds of models. The simulation for M1200 was carried out with the 
Lemaitre-Chaboche model. 
The simulation consisted of three steps: applying holder force, deforming and unloading. The 
first two steps were performed with the explicit code, which are suitable to analyse large 
deformation processes since explicit code allow fully 3-D geometry and complex contact 
conditions to be taken into account with relevant CPU savings. 
The unloading process was performed with the implicit code, which uses Newton-Raphson 
iterations to enforce equilibrium of the internal structure forces with the externally applied 
loads and is suitable for springback since higher accuracy is needed in springback analysis. 
After final unloading, the springback profiles and parameters were obtained. 
Concerning the input of the materials properties for the numerical simulation, the yield 
strength was determined by tensile test as in Table 4.1 and the Young’s modules are listed in 
Table 4.2, calibrated by ultrasonic measurement. Poisson’s ratio was assumed to be constantly 
0.3, which is typical for steel. Hill’s anisotropic yield criterion was applied, whose 
coefficients are listed in Table 5.3, which were calculated with the r-values by tensile test. 
The parameters for the materials strain hardening were based on the evaluation in Chapter 5.1. 
The isotropic hardening model was based on the experimental data of cyclic tension-
compression test. The kinematic hardening parameters were evaluated by the combination of 
data from tensile test and hydraulic bulge test. The forming limits defined the failure criteria 
on different strain ratios. 
The Coulomb friction was assumed for the contact between the strip and the tools. In order to 
determine the friction coefficient the top hat drawing test was simulated with different friction 
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coefficients and the resulted punch force-punch displacement curves were compared with 
those from the experiments, as shown in Figure 5.17, where the three dotted lines represent 
the experimental curves and the solid curves are from simulation with different friction 
coefficients written beside the curves. It is obvious that with increasing friction coefficient, 
the punch force, i.e. the deforming force is also increasing. It can be seen from Figure 5.17 
that the curve with friction coefficient of 0.2 fits the best to the curves of the experiments. 
Thus the friction coefficient in the simulations was fixed as 0.2. The same procedure was 
repeated for DP1000 and a good agreement between the simulated curved to the experimental 
curves was established with the friction coefficient of 0.1. 
 
Figure 5.17: Punch force-displacements curves of the experiment and simulation with 
different friction coefficients f. 
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Figure 5.18: The FEM set up of the top hat drawing test in ABAQUS. 
 
Figure 5.19: Mesh of the sample for simulation of the top hat drawing test. 
Punch radius / mm Die  radius / mm Blank holder force / kN Punch velocity / m•s-1 
4 4 50 0.05 
4 4 40 0.05 
4 4 30 0.05 
4 6 50 0.05 
4 8 50 0.05 
6 4 50 0.05 
8 4 50 0.05 
Table 5.2: Seven groups of parameters for the numerical simulation of top hat drawing test. 
Material R11 R22 R33 R12 R13 R23 
DP1000 1 0.867 0.880 0.822 1 1 
M1200 1 0.834 0.812 0.756 1 1 
Table 5.3: Constants for Hill’s anisotropic yield criterion. 
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After the forming simulation the output of the ABAQUS/Explicit code was used as input in 
the ABAQUS/Implicit code for the simulation of springback. The final geometry of the 
sample was established. The distributions of the von Mises equivalent stress and the 
equivalent plastic strain for M1200 with blank holder force of 50kN, punch radius of 4mm 
and die radius of 4mm are shown in Figure 5.20 and Figure 5.21, respectively. The regions 
around the die corner and the punch corner show the highest residual stress, which are the 
critical areas for springback. The samples were then viewed in 2 dimensions and the angles 
around the punch corner after springback were measured in the same way as in the experiment. 
 
Figure 5.20: Distribution of von Mises equivalent stress on the sample of top hat drawing test 
simulation after springback (M1200, BHF=50kN, rpunch=4mm and rdie=4mm). 
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Figure 5.21: Distribution of equivalent plastic strain on the sample of top hat drawing test 
simulation after springback (M1200, BHF=50kN, rpunch=4mm and rdie=4mm). 
 
Figure 5.22: 2 dimensional view of the sample geometry before and after springback of top 
hat drawing (M1200, BHF=50kN, rpunch=4mm and rdie=4mm) 
The simulation of the top hat drawing test for DP1000 was performed with three types of 
models including isotropic model, kinematic model and the Lemaitre-Chaboche type 
isotropic-kinematic model. In the isotropic model the extension or contraction of the yield 
surface is considered by keeping the centre of the yield surface fixed. The kinematic model on 
the other hand considers the movement of the centre of the yield surface in the stress space 
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with the constant yield surface size. The prediction by the Lemaitre-Chaboche type isotropic-
kinematic model was then compared with the isotropic model and kinematic model. 
In Figure 5.23 the prediction of the springback with three types of models of DP1000 is 
shown with three different blank holder forces. It can be seen that the Lemaitre-Chaboche 
model agrees with experiment with the smallest deviation. The isotropic model and the 
kinematic model also predict the tendency of the blank holder force dependency, although 
they both show poor capability to anticipate the amount of springback. The similar situations 
were also observed when the influence of the punch radius and die radius was taken into 
account, as shown in Figure 5.24 and Figure 5.25, respectively. 
It can be therefore concluded that for the simulation of springback, where the materials goes 
through the alternation of the loading direction or unloading besides the monotonous strain 
hardening, the isotropic-kinematic combined model is more adaptable to describe the strain 
hardening of the material. 
The comparison between the experiment and the simulation with Lemaitre-Chaboche model 
for both DP1000 and M1200 is shown in Figure 5.26. A good agreement is obtained in 
general. 
 
Figure 5.23: Prediction of the springback angles ∆β around the punch corner of DP1000 with 
three blank holder forces based on three types of models. 
5.Discussion 
 
103 
 
 
Figure 5.24: Prediction of the springback angles ∆β around the punch corner of DP1000 with 
three punch radii based on three types of models. 
 
Figure 5.25: Prediction of the springback angles ∆β around the punch corner of DP1000 with 
three die radii based on three types of models. 
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Figure 5.26: Comparison of springback angles ∆β around punch corner between experiment 
and simulation with Lemaitre-Chaboche model. 
5.3 Sensitivity study of bending under tension test and simulation 
5.3.1 Sensitivity study of the bending under tension test 
The radii of the strip curvatures after springback of the bending under tension test were 
investigated as listed in Appendix. The comparison of the curvature radii of the five materials 
with regard to different brake forces with the 10mm cylindrical tool radius is shown in 
Figure 5.27 for the rotating cylinder and in Figure 5.28 for the fixed cylinder. In the two 
diagrams as well as the diagrams followed in this chapter, the direction of the decrease of the 
radius indicates the increase of springback, i.e. the smaller the radius, the higher the 
springback amount. For both cases, either with the rotating cylinder or with the fixed one, the 
increase of the brake force results in a reduction of springback, as the curves in Figure 5.27 
and Figure 5.28 for all the five materials increase with the increased brake force, which agrees 
perfectly with the influence of the blank holder force on the springback angles in top hat 
drawing test, except that in the bending under tension test the in-plane strip tension is directly 
measurable and controllable. The higher brake force is beneficial in homogenising the plastic 
strain during the bending-unbending and stretching series of deformation, therefore reduces 
the amount of springback. 
5.Discussion 
 
105 
 
To achieve the same radius of the curvature, higher brake force is necessary for materials with 
higher strength, which is easily understandable due to the fact that higher force or energy is 
required for stronger materials for the same amount of deformation. At the same brake force, 
when the other processing and tooling parameters are kept constant, materials with higher 
strength yield higher amount of springback, which again corresponds to the observation in the 
top hat drawing test. The reason for this phenomenon was already schematically illustrated in 
Figure 2.3 that with the similar Young’s modulus the higher strength materials tend to 
generate high amount of elastic recovery. The materials BS800, DP800 and TRIP800 show 
much closed curves because of the similar tensile strength. 
If the curvatures are plotted to the normalised stress, which is the in-plane stress divided by 
yield strength in Figure 5.29 and the in-plane stress divided by tensile strength in Figure 5.30, 
it can be seen that for higher strength materials the decrease of springback through the 
application of increased strip tension or brake force tends to saturate earlier, which 
demonstrates that it is more difficult to decrease the amount of springback for higher strength 
materials by increasing strip tension. The two materials DP800 and TRIP800 show good 
potential to reduce springback by increasing strip tension due to the strong TRIP effect. 
The dependence of springback amount on mechanical properties of different materials could 
also be accounted for the Bauschinger effect. If Bauschinger effect is quantified by the 
equation in Figure 2.6, where   1 − 	
	

	
	  with help of the stress-strain curve of 
symmetric strain controlled cyclic tension-compression test within the strain range of ±2%, 
the magnitude of Bauschinger effect of the five investigated materials can be calculated, as 
listed in Table 5.4. The three steel grades BS800, DP800 and TRIP800, which share the 
similar tensile strength generate closed value of BE. Considering the values of BE for DP1000 
and M1200, in can be summarised that the higher the tensile strength, the stronger the 
Bauschinger effect, when Young’s modulus and sheet thickness are very closed, which 
explains the different levels of springback dependent on different levels of tensile strength, 
due to the fact that with complicated strain path springback is a function of Bauschinger effect.  
Material BS800 DP800 TRIP800 DP1000 M1200 
Tensile strength, MPa 853 831 831 1054 1369 
BE 0.60 0.61 0.67 0.74 0.77 
Table 5.4: Magnitude of Bauschinger effect of 5 investigated materials with different levels 
of tensile strength. 
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Figure 5.27: Curvature radius of strip after springback in bending under tension test for five 
materials at different brake forces (tool cylinder radius = 10mm, rotating). 
 
Figure 5.28: Curvature radius of strip after springback in bending under tension test for five 
materials at different brake forces (tool cylinder radius = 10mm, fixed). 
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Figure 5.29: Curvature radius of strip after springback in bending under tension test for five 
materials at different in-plane stress/yield strength (tool cylinder radius = 10mm, rotating). 
 
Figure 5.30: Curvature radius of strip after springback in bending under tension test for five 
materials at different in-plane stress/tensile strength (tool cylinder radius = 10mm, rotating). 
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Figure 5.31: Curvature radius of strip after springback in bending under tension test for 
DP1000 at different brake forces. 
 
Figure 5.32: Curvature radius of strip after springback in bending under tension test for 
M1200 at different brake forces. 
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The influence of the processing parameter of friction and the tooling parameter of the cylinder 
radius is shown in Figure 5.31 and Figure 5.32 for DP1000 and M1200, respectively as 
examples. The influence of friction is examined by the situation of the cylinders. When the 
cylinder is fixed, the relative movement between the cylinder and the strip exists, which is the 
origin of friction. When the cylinder is rotatable, there is almost no relative movement and the 
friction coefficient is assumed to be 0. It can be observed from two diagrams for both 
materials the on the same brake force, the test with fixed roller generates lower amount of 
springback, regardless of the radius of the cylinder. The reduction of springback with friction 
can be explained analogously as the effect of the strip tension because the increase of friction 
requires higher strip tension and homogenises the plastic strain in the strip. 
Considering the same status of the cylinder, either fixed or rotating, the larger the cylinder 
radius, the higher the springback amount. This is the same conclusion as in the top hat 
drawing test that the increased punch radius or die radius also increases the amount of 
springback. The larger tool radius involves more material in the bending-unbending region, 
which increases the area of the strip that has different conditions of stresses. The 
inhomogeneity of the plastic strain is therefore increased and the springback amount increases 
as a consequence. 
Conclusion can be thus drawn based on the sensitivity study that the reduction of springback 
benefits from the increase of the brake force or strip tension, although to certain limits 
according to different materials, from the increase of friction and from the small tool radius. 
The optimisation of the processing and tooling parameters can be therefore established. 
5.3.2 Numerical simulation of the bending under tension test 
The finite element model for the bending under tension test was also constructed in 
ABAQUS/Standard (implicit) and ABAQUS/Explicit version 6.11 to verify the predictability 
of Lemaitre-Chaboche model with the direct control of strip tension and with the possibility to 
eliminate the influence of friction in comparison to the formal top hat drawing test. The 
explicit code was used for the simulation of the bending process whose output was utilised as 
input in the implicit code for the springback simulation after the removal of the strip from the 
tools. 2D plane strain simulation was preferred as the ratio of the strip width w to thickness t 
(w/t) is about 36. 
Figure 5.33 shows the set-up of the FEA model of bending under tension test. The model was 
composed of the cylindrical tool, grip for the brake force, grip for the pulling force and the 
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steel strip. The diameters of the tools and the geometry of the grip in the model were the same 
as the experiment. The tool cylinder and the grips were modelled as rigid analytical surfaces. 
The radius of the cylinder was taken as 6mm. 
 
Figure 5.33: Set up of the bending under tension test in ABAQUS. 
The mesh design of the strip was composed of two regions: refinement and coarse regions. 
Figure 5.34 shows the mesh of the strip. Mesh refinement on the strip was applied in the 
vicinity of the cylinder region as this area experienced the complicated stress path including 
bending, unbending, stretching and springback at the end. In this region the strip was meshed 
with S4R elements with the mesh size of 2mm × 2mm (length × width). In the bent region of 
the strip around the cylinder, S4R elements with mesh size of 2mm × 0.5mm (length × width) 
were used. In the coarse regions, where the strip only went through stretching it was meshed 
with S4R elements with the mesh size of 10mm × 10mm (length × width). Transition 
elements were used in the transition area to prevent cracks caused by inconsistent elements. 
For the whole strip five integration points through the thickness were used. 
 
Figure 5.34: Mesh of the sample for bending under tension test in ABAQUS. 
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The material properties of bending under tension test simulation were the same as those of the 
top hat drawing test. Isotropic elasticity and combined isotropic-kinematic hardening 
plasticity which is based on Lemaitre-Chaboche model were applied. Frictionless contact was 
assumed between the cylindrical tool and the strip for the rotating cylinder. 
The simulation consisted of four steps: bending around the cylinder, applying back tension, 
stretching and unloading. Different back tension, 45kN, 55kN and 60kN were applied for the 
rotating roller. The pulling speed of the strip was set as 10 times faster than the experiment, 
which meant 1m/s. The forming time was defined as the strip was pulled up with the 
displacement of 215mm. The first three steps were performed with the explicit code and the 
unloading process was performed with the implicit code. After final unloading, the springback 
profiles and parameters were obtained. The change of the curvature radius of the strips before 
and after loading was used to characterise the amount of springback. In order to imitate the 
bending under tension test with a fixed cylindrical roller, simulations under brake force of 
45kN was performed with the friction coefficient of the contact between the die and strip was 
set 0.2 according to Equation 3.14. 
 
36kN brake force. 
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60kN brake force. 
Figure 5.35: Distribution of von Mises equivalent stress on the strip of bending under tension 
test simulation of M1200 with rotating roller radius of 6mm. 
Figure 5.35 illustrates the shape of the strips after springback in the bending under tension 
simulations of the M1200 steel. The pictures represent two levels of brake forces: 45kN and 
60kN. The region of the strip that has been bent over the cylinder shows a concentration of 
stress, while the rest area shows relatively low level of equivalent stresses. The numerical 
simulation with Lemaitre-Chaboche model well captures the dependence of the springback on 
brake force. The larger the curvature radius, the lower the springback is. It can be seen that 
the higher brake force in Figure 5.35b gives a larger curvature radius of the strip after 
springback than that with the lower brake force in Figure 5.35a, which means the springback 
can be suppressed by higher brake force. 
To measure the curvature radius of the strips, the shapes of the strips in the bending under 
tension simulations after springback were digitised and the coordinates of the curved strips 
were recorded. Figure 5.36 shows the shape of the strip after springback under brake force of 
45kN and the subsequent numerical curve of the strip. The numerical curve was then 
transferred to software MATLAB and a proper function was used to fit the curve. In the 
following, Gaussian curve approximation with 3 terms was used with R2 value higher than 
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0.99. The curvature radius of strip was thus calculated in the same way as in the evaluation for 
the experimental results. MATLAB calculates the radius at each point of the region that is of 
interest and the average value is calculated as the average curvature radius to characterise 
simulated springback amount. 
 
Shape of strip after springback in simulation. 
 
Digitalisation of the strip shape in MATLAB. 
Figure 5.36: Evaluation of the curvature radius of the strip after springback in the simulation 
of bending under tension test (M1200, 6mm rotating cylinder, 45kN brake force). 
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Figure 5.37 shows the comparison of experiments with simulation under three levels of brake 
force: 45kN, 55kN and 60kN. The grey bars represent the average curvature radius of the 
strips from the experiments, while the black bars represent the average curvature radius of the 
strips from the simulation. Under low brake force, i.e. 45kN, the radius deviation is up to 24%. 
Under high brake force, i.e. 55kN and 60kN, the deviation of the average curvature radius are 
12.8% and 4.4%, respectively. The deviation, on one hand, is introduced in the measurement 
of the curvature radius of the strips as only a few points are digitized and recorded and the 
function fitting of the curves were not perfectly match. On the other hand, the deviation in the 
average curvature radius is caused by the friction. In the simulation with free rotating 
cylindrical die, the friction between the strips and the cylindrical tool is assumed to be 
negligible while in the real experiments the friction still exists. The effect of friction is more 
pronounced under the low brake force condition, as the proportion of friction force is large. 
However, the deviations in the average curvature radius of the bending under tension test are 
still acceptable. The Lemaitre-Chaboche type combined isotropic-kinematic hardening model 
has also succeeded in predicting that the springback will be suppressed by increasing brake 
force. 
 
Figure 5.37: Comparison of FEA results with experiments at different brake forces of 
bending under tension test of M1200 with rotating cylinder. 
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The simulation of bending under tension test with a fixed cylindrical tool was performed only 
under the brake force of 45kN. Figure 5.38 shows the comparison of the simulation with 
experiment under two different cylinder conditions: free rotating and fixed. From the figure it 
can be seen that the average curvature radius for fixed cylinder are larger than that of free 
rotation cylinder for both experiment and simulation results. The Lemaitre-Chaboche model 
succeeds in predicting the influence of friction on the amount of springback. The deviation of 
the average curvature radius for the fixed cylinder is only 4%. 
When all the curvatures in the bending under tension simulation are plotted to the 
experimental curvatures, the four data points are placed much closed to the 1:1 straight line, 
which indicates that the Lemaitre-Chaboche model is capable to describe the strain hardening 
when springback takes place with complicated strain or stress paths. 
 
Figure 5.38: Comparison of FEA results with experiments at different types of tool cylinders 
of bending under tension test of M1200. 
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Figure 5.39: Comparison of curvatures of bending under tension test between experiment and 
simulation with Lemaitre-Chaboche model. 
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6 Prediction of springback for industrial parts 
The prediction of the springback with Lemaitre-Chaboche type isotropic-kinematic model 
was then applied to two semi-industrial components, which belong to the same automotive B-
pillar. The two components are defined as the head part and foot part, respectively and deep 
drawn without closed edge to achieve high amount of springback. The springback of the 
original B-pillar is not so pronounced without cutting, since the residual stress is not released 
with the closed edge of the whole part. The sheets were gridded before drawing process to 
measure the strain distribution by Argus system. The GOM system measures the displacement 
of each grid and the 3D geometry of the formed components after springback of the parts. 
After the blank holder force was adjusted as 600kN, the punch drew the sheets at two 
locations with the stroke of 120mm. The two deformed components were then released from 
the tools and the springback amount on a series of locations was recorded to compare with the 
numerical simulation. Such set up of the tools is shown in Figure 6.1. The components that 
were deformed are exemplified in Figure 6.2, after which the springback amount of each grid 
was measured. The springback of the grid is defined by the displacement of the grid. One 
cross section was selected and the geometry after springback was compared with that of the 
corresponding numerical simulation. 
 
Figure 6.1: Set-up of deep drawing of two industrial components. 
head component foot component 
blank holder 
die 
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Figure 6.2: Semi-industrial components after release from tools. 
The numerical simulation was taken out by finite element code LS-DYNA with the integrated 
Lemaitre-Chaboche type isotropic-kinematic model (Figure 6.3). The input parameters were 
the same as those in the simulation of the verification tests (top hat drawing and bending 
under tension tests). The GOM system loaded both the part geometries from practice and 
simulation after springback. The location with the highest deviation between experiment and 
simulation was detected and the cross section which is parallel to the edge and contains the 
highest deviation point is used to compare the geometries. 
 
Head component 
 
Foot component 
Figure 6.3: Set up of the semi-industrial deep drawing in numerical simulation. 
Figure 6.4 shows the comparison of the component shapes after springback between the 
experiment and the simulation for the head part of M1200 material. The black line represents 
the middle line through the thickness of the experimental component and the other line stands 
for the one achieved from simulation. High deviations are found on the flange, which will be 
cut off during industrial practice. On the side wall a highest deviation of 3.91mm is obtained 
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around the die corner. In Table 6.1 the maximum deviation over the whole component and on 
the side wall are listed for the head and foot components for DP1000 and M1200, respectively. 
 
Figure 6.4: Comparison of the cross section geometry between experiment and simulation for 
M1200 head component. 
Material Part Max. deviation of the whole part, mm Max deviation on the wall, mm 
DP1000 
head -15.28 6.14 
foot 13.26 7.88 
M1200 
head -16.76 -3.91 
foot 5.24 -4.52 
Table 6.1: Maximum deviation between the experiment and simulation for the semi-industrial 
tools. 
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7 Conclusions 
Based on the experimental and numerical investigations for the springback phenomenon of 
ultra high strength steels the following conclusions can be drawn. 
The description of strain hardening by the flow curves determined from tensile test is limited 
due to the low formability of UHSS. Hydraulic bulge test is a proper supplement as it deforms 
the materials to considerable strain level. Besides the tri-axial stress and strain conditions of 
hydraulic bulge test are more related to the actual drawing processes. The stress-strain relation 
based on both tests provides information for the kinematic hardening of the Lemaitre-
Chaboche type isotropic-kinematic model with two back stresses, while the isotropic 
component is illustrated by cyclic tension-compression test that captures the Bauschinger 
effect as the loading condition or strain path is changed, which is typical in bending and the 
subsequent springback. 
The predictability of the Lemaitre-Chaboche model is then verified with top hat drawing test 
and bending under tension test. The forming with different processing and tooling parameters 
in top hat drawing test demonstrates that the increase of punch corner radius and die corner 
radius leads to increased springback, while the increase of the blank holder force helps to 
reduce springback, which is a result of the homogenisation of the residual stress. The punch 
speed has negligible effect on springback. The simulation results of the top hat drawing and 
springback processes with isotropic, kinematic and Lemaitre-Chaboche type isotropic-
kinematic model are compared and the Lemaitre-Chaboche model predicts the most accurate 
springback as compared with experiments. The simulation with the Lemaitre-Chaboche model 
also reproduces the influence of different forming parameters and good accordance to the 
actual tests is obtained in all cases. 
The bending under tension test was performed and simulated with the direct strip tension 
control and the possibility to ignore the influence of friction with the rotational roller. The 
sensitivity study proves the similar observations to those of the top hat drawing test. The 
increase of the tool radius increases springback, while the increase of the brake force reduces 
springback. The addition of friction by the fixed cylinder also decreases springback. The 
numerical simulation for M1200 corresponds to the experimental results with acceptable 
errors. Therefore, bending under tension test is proved to be a very efficient and effective 
testing method for the characterisation of springback. 
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The springback amount of the five investigated materials was also compared. It can be 
concluded that when the Young’s modulus and sheet thickness are similar between different 
steel grades and tooling and processing parameters are the same, the higher the strength, the 
higher the springback for the currently studied steel grades. The dependence of springback on 
strength can be also explained by the different levels of Bauschinger effect that the higher the 
tensile strength, the higher the Bauschinger effect based on the evaluation of Bauschinger 
effect with the stress-strain data of the symmetric strain controlled cyclic tension-compression 
test. 
The prediction with the Lemaitre-Chaboche model is then applied to two industrial 
components. The numerical simulation with the investigated methodology well captured the 
final shapes of the side wall of the components, which demonstrates that the investigated 
routine can work also in the more complicated industrial scale. 
To sum up the Chaboche model, which was already proved to be sufficient to simulate the 
springback of conventional steels is generally still suitable to describe the strain hardening of 
UHSS sheets with complicated strain path as in drawing followed by springback, although the 
experimental characterisation of monotonous strain hardening of UHSS requires more efforts 
than that of conventional steels due to the low formability of UHSS. Hydraulic bulge test is 
thus demonstrated to be an ideal supplement to uniaxial tensile test. Bending under tension 
test is a qualified testing method for the springback characterisation of UHSS sheets in 
laboratory scale. 
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8 Summary 
The springback prediction of ultra high strength steels (in particular DP1000 and M1200 
grades) was studied though both experiment and numerical simulation. Special attention must 
be paid with regard to the characterisation of the mechanical properties of UHSS due to the 
high strength and low formability at the same time, as demonstrated by tensile test and 
forming limit determination. 
Lemaitre-Chaboche type isotropic-kinematic combined model was applied to describe the 
strain hardening of the materials during forming and springback processes. It is accurate in 
general and implemented in commercial FEM software. Lemaitre-Chaboche model accounts 
for the expansion of the yield locus size as well as the movement of the yield locus centre, 
which is essential to describe the typical Bauschinger effect when the loading conditions such 
as directions are changed. 
The determination of the parameters of the kinematic model was realised by monotonous 
strain hardening tests including tensile test as well as hydraulic bulge test, which was 
necessary to achieve a significantly higher fracture strain than that of tensile test. The laser 
assisted on-line measurement made it possible to achieve the stress-strain curves during the 
experiment without post processing. Tensile test was used to calculate the parameters of the 
kinematic part of the Lemaitre-Chaboche model at the low strain range, while hydraulic bulge 
test was preferred at higher strain level, where either of the tests correlated to one set of 
parameters to describe one back stress, which illustrated the movement of the yield locus 
centre. The description of the isotropic hardening component was determined by cyclic 
tension-compression test. Two individual samples were glued together to prevent buckling in 
the compression phase. ±2% engineering strains were achieved for up to 6 cycles for the 
strongest material M1200 without buckling. 
The predictability of the Lemaitre-Chaboche model for springback of UHSS was then verified 
by top hat drawing test. The change of the angles around the die corner and the punch corner 
was defined as the amount of springback. The springback of the five involved materials at the 
same forming conditions proved that the higher the tensile strength, the higher the springback. 
The influence on springback of two tooling parameters including punch corner radius and die 
corner radius and two processing parameters of punch speed and blank holder force was 
investigated. The increase of punch corner radius and die corner radius was found to increase 
springback, while the increase of blank holder force decreased springback. The decrease of 
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springback was explained by the homogenisation of the residual stress. The change of punch 
speed had minor effects on springback. The forming and springback processes were then 
simulated with isotropic model, kinematic model and Lemaitre-Chaboche type isotropic-
kinematic model in ABAQUS software, where the forming process was simulated with the 
ABAQUS/Explicit and the springback was simulated with ABAQUS/Implicit. The 
comparison between the simulated results of the three models showed that the prediction of 
the springback by Lemaitre-Chaboche model was the most accurate among the three types of 
models as compared to the experimental results. The simulation with different punch corner 
radii, die corner radii and blank holder forces by Lemaitre-Chaboche model well captured the 
influence of different parameters on springback as in the experiment. 
In the top hat drawing test due to the lack of direct control of the strip tension and the 
difficulty to determine friction coefficient, the bending under tension test was designed with 
strip tension measurement and the rotational cylinder made it possible to draw the strip with 
negligible influence of friction. After springback a curved strip was formed, the curvature of 
which represented the amount of springback. The influence of tooling and processing 
parameters was studied by different radii of the cylinders and different brake forces, 
respectively. The effect of friction was examined by the introduction of a fixed cylindrical 
tool instead of the rotational one. Similar conclusions were drawn as in the top hat drawing 
test that the decrease of cylinder radius and the increase of brake force both benefited in 
decreasing springback, because the gradient of the residual stress in reduced. The addition of 
friction also decreased springback, which was analogous to the influence of brake force. The 
process was then simulated with the Lemaitre-Chaboche model in ABAQUS for M1200 and 
good correlation was established between the experiment and numerical simulation. 
The prediction of springback with the current methodology was then applied to the industrial 
scale as in the deep drawing of two components of an automotive B-pillar for both DP1000 
and M1200. The shapes of the two parts were generally reproduced in numerical simulation. 
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Appendix 
Roller 
radius/mm 
fixed/rotating Fpull/kN Fbrake/kN strip radius/mm 
6 fixed 30.44 18.82 216.7 
6 fixed 36.83 25.01 288.2 
6 fixed 42.48 31.31 426.6 
6 fixed 49.17 37.49 920.7 
6 fixed 52.68 40.68 1235.8 
6 fixed 58.87 46.88 1912.5 
6 rotating 31.69 25.01 231.0 
6 rotating 37.35 31.31 294.7 
6 rotating 42.96 37.51 423.2 
6 rotating 45.79 40.72 505.2 
6 rotating 48.52 43.79 660.0 
6 rotating 51.18 46.87 971.7 
6 rotating 53.89 49.97 1433.1 
10 fixed 26.94 18.83 206.7 
10 fixed 34.10 25.03 260.6 
10 fixed 41.14 31.31 334.3 
10 fixed 47.70 37.51 469.2 
10 fixed 53.95 43.80 604.6 
10 fixed 57.32 46.90 870.6 
10 fixed 60.09 50.02 1262.0 
10 fixed 62.72 53.41 2009.3 
10 rotating 28.64 25.02 207.2 
10 rotating 34.63 31.30 246.7 
10 rotating 40.49 37.51 306.3 
10 rotating 43.54 40.73 349.5 
10 rotating 46.39 43.80 398.0 
10 rotating 49.26 46.89 452.5 
10 rotating 52.05 49.99 512.5 
Table A.1: Curvatures of the strip after springback in BUT for BS800. 
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Roller 
radius/mm 
fixed/rotating Fpull/kN Fbrake/kN strip radius/mm 
6 fixed 23.30 17.54 129.7 
6 fixed 26.50 21.02 144.7 
6 fixed 29.71 24.40 152.0 
6 fixed 33.09 27.94 173.3 
6 fixed 36.31 31.43 193.1 
6 fixed 39.59 34.94 244.4 
6 fixed 42.83 38.47 301.8 
6 fixed 46.22 42.06 360.6 
6 fixed 49.50 45.67 531.9 
6 rotating 22.32 17.53 132.4 
6 rotating 25.64 21.01 139.8 
6 rotating 28.81 24.40 147.7 
6 rotating 32.06 27.92 165.3 
6 rotating 35.29 31.42 183.3 
6 rotating 38.47 34.93 226.1 
6 rotating 41.72 38.47 296.6 
6 rotating 44.95 42.02 377.4 
6 rotating 48.20 45.63 533.4 
10 fixed 21.17 17.53 150.1 
10 fixed 24.67 21.02 159.4 
10 fixed 28.05 24.41 180.4 
10 fixed 31.58 27.92 211.4 
10 fixed 34.95 31.43 240.6 
10 fixed 38.36 34.96 281.0 
10 fixed 41.90 38.48 392.5 
10 fixed 45.30 42.05 448.1 
10 fixed 48.91 45.70 553.7 
10 rotating 20.06 17.53 142.2 
10 rotating 23.39 21.01 150.1 
10 rotating 26.67 24.43 156.4 
10 rotating 29.99 27.93 174.2 
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10 rotating 33.33 31.42 203.1 
10 rotating 36.67 34.92 259.7 
10 rotating 40.07 38.47 298.4 
10 rotating 43.47 42.02 351.3 
10 rotating 46.90 45.62 418.4 
Table A.2: Curvatures of the strip after springback in BUT for DP800. 
Roller 
radius/mm 
fixed/rotating Fpull/kN Fbrake/kN strip radius/mm 
6 fixed 25.87 19.12 157.6 
6 fixed 29.12 22.91 175.6 
6 fixed 33.04 26.71 194.3 
6 fixed 36.34 30.61 258.2 
6 fixed 40.05 34.40 313.6 
6 fixed 41.76 36.33 353.5 
6 rotating 24.48 19.12 141.9 
6 rotating 27.97 22.90 154.0 
6 rotating 31.47 26.71 181.6 
6 rotating 35.01 30.62 218.6 
6 rotating 38.46 34.41 257.2 
6 rotating 40.22 36.32 312.8 
10 fixed 23.62 19.12 186.9 
10 fixed 27.28 22.91 212.5 
10 fixed 31.41 26.71 273.1 
10 fixed 34.69 30.61 328.4 
10 fixed 39.14 34.40 429.4 
10 fixed 40.50 36.32 454.5 
10 rotating 21.92 19.11 170.7 
10 rotating 25.54 22.91 218.1 
10 rotating 29.15 26.72 217.2 
10 rotating 32.82 30.61 282.3 
10 rotating 36.34 34.40 319.4 
10 rotating 38.17 36.30 344.0 
Table A.3: Curvatures of the strip after springback in BUT for TRIP800. 
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Roller 
radius/mm 
fixed/rotating Fpull/kN Fbrake/kN strip radius/mm 
6 fixed 39.70 29.53 145.3 
6 fixed 45.57 35.42 185.3 
6 fixed 51.65 41.33 274.0 
6 fixed 57.42 47.20 456.3 
6 fixed 63.16 53.12 1034.8 
6 fixed 68.66 59.03 1548.5 
6 rotating 36.36 29.52 127.1 
6 rotating 41.85 35.43 148.3 
6 rotating 47.26 41.31 184.3 
6 rotating 52.58 47.21 270.8 
6 rotating 57.85 53.10 432.6 
6 rotating 60.46 56.01 537.5 
6 rotating 63.23 59.03 587.5 
10 fixed 45.25 35.42 176.2 
10 fixed 49.93 41.33 227.6 
10 fixed 56.46 47.23 383.7 
10 fixed 62.84 53.14 569.1 
10 fixed 67.74 56.07 888.3 
10 fixed 68.88 59.08 1386.6 
10 fixed 71.53 62.05 1681.8 
10 rotating 33.23 29.53 115.5 
10 rotating 38.87 35.41 130.6 
10 rotating 44.48 41.31 158.2 
10 rotating 50.09 47.21 193.6 
10 rotating 55.64 53.10 288.2 
10 rotating 58.43 56.02 364.9 
10 rotating 61.24 59.03 424.1 
Table A.4: Curvatures of the strip after springback in BUT for DP1000. 
Roller 
radius/mm 
fixed/rotating Fpull/kN Fbrake/kN strip radius/mm 
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6 fixed 57.81 45.87 324.8 
6 fixed 63.22 50.50 477.0 
6 fixed 67.11 55.09 651.0 
6 fixed 71.49 59.63 1697.3 
6 fixed 76.16 64.25 3428.6 
6 rotating 45.48 36.80 137.7 
6 rotating 53.90 45.88 214.7 
6 rotating 62.42 55.10 437.2 
6 rotating 66.97 59.70 588.2 
10 fixed 57.03 45.91 176.8 
10 fixed 67.23 55.09 376.3 
10 fixed 72.22 59.68 549.9 
10 fixed 77.72 64.25 860.3 
10 fixed 77.41 64.26 915.9 
10 fixed 82.82 68.87 1559.9 
10 rotating 41.71 36.82 109.4 
10 rotating 50.39 45.89 132.4 
10 rotating 54.75 50.49 149.5 
10 rotating 59.13 55.07 186.7 
10 rotating 63.46 59.66 237.2 
10 rotating 67.73 64.22 311.9 
10 rotating 72.02 68.81 408.6 
10 rotating 76.41 73.39 578.3 
Table A.5: Curvatures of the strip after springback in BUT for M1200. 
